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INTRODUCTION TO THE REPORT 

 
Julie Winkler, Jeff Andresen, and Jerry Hatfield 

 
 

The technical input report for the Midwest region consists of twelve whitepapers along with 
background information for a potential focus box on Mississippi levees.  The whitepapers were 
commissioned from experts within the Midwest region and address critical sectors, systems and 
processes.  The intent of the whitepapers is to support the drafting of the Midwest chapter for the 2013 
report of the US National Climate Assessment.  The whitepapers are also intended to stand alone and will 
be posted on the website of the Great Lakes Integrated Sciences and Assessment (GLISA) center.  The 
length, organization and formatting varies between the different whitepapers, reflecting the diversity, 
concerns and available literature for the different sectors.  The whitepapers incorporate both peer-
reviewed and gray literature.  

A review of the whitepapers will commence 2 March 2012.  All whitepapers will be reviewed by 
at least two experts.  Authors will revise the whitepapers to incorporate relevant reviewer comments.  Our 
intent is that the revised whitepapers will be available by approximately 15 April 2012.  The whitepaper 
authors are also preparing a synthesis manuscript for submission to a referred journal.  
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Historical Climate and Climate Trends in the Midwestern USA 

Jeff Andresen, Steve Hilberg, and Ken Kunkel 
 
 
Introduction 
 
The Midwestern USA, defined here as a region stretching from the Minnesota, Iowa, and 
Missouri eastward to Michigan and Ohio ranks among the most important agricultural 
production areas of the world and contains a significant portion of the Great Lakes Basin, the 
largest supply of fresh water in the world with more than 20% of the global total (Quinn, 1988). 
The region spans a region of steep climate, geological, and vegetation gradients. Geological 
features transition from ancient, crystalline rocks overlain by glacial sediments in the north to a 
series of sedimentary rock strata covered by deep unconsolidated deposits across central sections 
to igneous/volcanic rock deposits within the Ozark Plateau in southern Missouri (Vigil et al., 
2000).  Changes in elevation are relatively minor, ranging from less than 150m above sea level 
along the Ohio River Valley to more than 400m in the Superior Uplands of northern Minnesota, 
Wisconsin, and Minnesota and across sections of the Ozark Plateau in Missouri and the 
Appalachian Plateau in eastern Ohio. Native vegetation varies greatly across the region, ranging 
from boreal forest in far northern sections to grassland across central and western sections to 
hardwood forest in the south and east to savanna in between. This pattern is strongly related to 
soil type, which ranges from loess-dominated soils across most western and central sections of 
the region to alluvial soils near the major rivers to coarse-textured, highly heterogeneous soils in 
northeastern sections resulting from repeated glaciations to relatively old, highly-weathered soils 
in the southeast.   
 

! Controls on Regional Climate 
 
The current climate of the Midwest region is chiefly governed by latitude, continental location, 
large scale circulation patterns, and in northeastern sections by the presence of the Great Lakes. 
Day-to-day and week-to-week weather patterns are generally controlled by the position and 
configuration of the polar jet stream in the winter and transition seasons, with somewhat less 
influence in the summer, when the region is also influenced by frequent incursions of warm, 
humid air masses of tropical origin (Andresen and Winkler, 2009).  The type and frequency of 
air masses moving through the westerlies is strongly dependent on the location of longwaves and 
the configuration of the jet stream across the Northern Hemisphere and the North American 
continent.  Climate in the Midwest is a direct reflection of four primary airmass types from 
different source regions: 1) northwestern Canada (continental polar), 2) Gulf of Mexico/southern 
United States (maritime tropical), 3) Hudson Bay/northeastern Canada (continental polar), and 4) 
northern Rockies/Pacific Northwest (maritime polar) (Shadbolt et al. 2006).  Less frequently, 
airflow originates from the East Coast and western Atlantic and on occasion from the 
southwestern United States and Northern Mexico. The relative importance of the different 
airflow source regions varies with season.   
 
Migratory midlatitude extratropical cyclones are an important component of regional climate, 
responsible for a significant portion of annual precipitation (Heideman and Fritsch 1988). 
Cyclogenesis is driven by upper-atmospheric circulation and cyclone tracks are dictated by the 
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amplification and propagation of Rossby waves in the mid-latitudes. There are several principal 
areas of cyclogenesis in North America. Of particular importance for the Midwest are the 
Alberta and Colorado cyclogenesis regions, both of which are located on the leeward 
(downwind) side of the Rocky Mountains (Whittaker and Horn 1981).  The Midwest also 
experiences a number of cyclones that form along the western Gulf Coast, while approximately 
20% of cyclones form within the region itself (Isard et al., 2000).  Tropical cyclones, with origins 
in tropical and subtropical oceans, occasionally move into the region during the late summer and 
fall months following landfall in the southern or eastern USA and may bring widespread rainfall. 
Fortunately, wind or other related damage from these storms in the region is rare. 
 
There are some existing statistical links between upper tropospheric flow and seasonal weather 
patterns across the region with global atmospheric teleconnection indices, but in general they are 
not as strong as in other regions of the USA (Hansen et al., 2001). For the El Niño/Southern 
Oscillation (ENSO), there is a tendency for an enhanced subtropical jet stream during negative 
phase (El Niño) winters across the southern United States, while the main polar branch of the jet 
stream retreats to a more northward than normal position across central Canada. As a result, the 
Midwest tends to experience weaker winds aloft, fewer storms and milder than average 
temperatures (Halpert and Ropelewski, 1992).  During positive phase (La Niña) events, jet 
stream flow tends to be relatively meridional across North America, with either much above or 
below normal temperatures and wetter than normal weather across southeastern sections of the 
Midwest.  Statistical links with ENSO in other seasons (especially the transitional fall and spring 
seasons) are relatively weak or non-existent, although a tendency for wetter and cooler (drier and 
warmer) than normal weather has been observed over at least portions of the region during the 
summer months during negative (positive) phase events (Carlson et al., 1996).   
There are also established links with Midwestern weather patterns and the North Atlantic 
Oscillation (NAO). A positive NAO phase represents a deeper than normal low pressure system 
over Iceland and a stronger high pressure system near the Azores, whereas these systems are 
weaker than normal during a negative NAO phase (Rogers, 1984).  Portions of the Midwest, 
especially eastern sections, tend to have above average temperatures (Halpert and Ropelewski, 
1992) and above normal precipitation totals during winter and spring seasons with positive NAO 
phase, although the link is not particularly strong (Rodionov, 1994; Hurrell, 1995).   A link to 
temperature and precipitation in the USA to the Pacific North America pattern (PNA) has been 
demonstrated, mostly in the winter and nearby months Leathers et al. (1991).  In the Midwest, 
both variables are generally negatively correlated with the PNA., A negative correlation between 
the phase of PNA and precipitation totals was found in a study of wintertime precipitation 
Rodionov (1994).  During the positive phase of PNA (with upper air ridging across western 
North America and troughing across the east), cyclonic activity across the region tends to be of 
northern origin and contains relatively less precipitation.  During the negative phase, there is a 
greater frequency of cyclones originating in the southern plains which tend to contain more Gulf 
of Mexico-origin moisture, resulting in greater precipitation totals across the Midwest (Isard et 
al., 2000).  
 
Finally, it is also important to consider the influence of smaller scale systems on the region’s 
climate. Mesoscale convective weather systems in the form of clusters of showers and 
thunderstorms account for approximately 30% to 70% of the warm-season (April-
September) precipitation over the Midwest region, with an even greater percentage during the 
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June through August period (Fritsch et al., 1986). More recent studies have further identified 
links between precipitation spatial patterns and major land use boundaries in the region, with 
enhanced warm season convection along and near boundaries between agriculture- and forest-
covered landscapes (e.g. Carleton et al, 2008). 
 

! Influences of the Great Lakes 
 
The proximity of the Great Lakes has a profound influence on the weather and climate of 
northeastern sections of the region. Overall, so-called ‘lake effect’ influences result in a cloudier, 
wetter, and more moderate climate in areas downwind of the lakes (e.g. Michigan, Ohio) than in 
areas upwind or away from the lakes. These influences are related to three major physical 
changes associated with air flowing across the surface of the lakes and onto nearby land surfaces: 
changes in friction/surface drag, changes in heat content, and changes in moisture content 
(Changnon and Jones, 1972).  It is important to note that these modifications typically act in 
combination.   
 
Arguably, the spatially most widespread lake effect-associated impact is a change in the amount 
and frequency of cloudiness, which in turn directly impacts insolation rates and air temperatures. 
In areas directly downwind of the lakes, given climatological source regions of relatively cold 
continental polar or arctic polar air masses in the interior sections of northern North America and 
the Arctic, a majority of lake-related cloudiness is associated with northwesterly wind flow 
across the region during the fall and winter seasons.  Enhanced cloudiness results in mean daily 
insolation rates in that are less than 75% of rates in areas upwind of the lakes at the same 
latitude, ranking the region statistically among the cloudiest areas of the country (Andresen and 
Winkler, 2009).  During the late spring and summer seasons when lake water temperatures are 
relatively cooler than air and adjacent land surfaces, the impact on cloudiness is symmetrically 
opposite, as the cooler water leads to relatively greater atmospheric stability, general low-level 
sinking motion, and to fewer clouds over and immediately downwind of the lakes.  
 
Other modifications include moderated air temperatures, with a general reduction in 
temperatures in downwind areas during the spring and summer seasons and an increase during 
the fall and winter seasons. Combined with the enhanced cloudiness, daily and annual 
temperature ranges are also reduced.  Changnon and Jones (1972) estimated that mean winter 
maximum and minimum temperatures in areas just east of the lakes are 6% and 15%, 
respectively warmer than locations upwind of the lakes, while mean summer maximum and 
minimum temperatures on the downwind side are 3% and 2% lower than those upwind, 
respectively.  Climatological extreme minimum temperatures in areas within 20km of the shores 
of the Great Lakes are as much as 20ºF warmer than those at inland locations at the same latitude 
across the state.  The impact is somewhat less in the summer season, with extreme maximum 
temperatures in coastal areas are as much as 14ºF cooler than those at inland locations across the 
state (Eichenlaub et al. 1990). 
 
Given enough atmospheric lift and moisture, lake effect clouds may also produce precipitation.  
Altered precipitation patterns are among the most significant lake influences on regional climate.  
So-called lake effect snowfall greatly enhances the seasonal snowfall totals of areas generally 
within 100km of the downwind shores of the lakes (Norton and Bolsenga 1993).  For example, 
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Braham and Dungey (1995) estimated that 25-50% of the yearly snowfall totals on the eastern 
shores of Lake Michigan could be attributed to lake effect snowfall.   
 
Current Regional Climate 

- General Description 
As noted earlier, Midwestern climate conditions are largely determined by the region’s location 
in the center of the North American continent. The generic Modified Koeppen classifications for 
the region range from Mesothermal, humid subtropical (Cwa) across far southern sections of the 
region to Microthermal humid continental hot summer (Dfa) across central sections to 
Microthermal humid continental mild summer (Dfb) across northern sections. Average annual 
temperature varies by about 20°F across the region (Figure 1) from less than 38°F in northern 
Minnesota to more than 60°F in the Missouri Bootheel. Seasonally, the greatest range in 
temperature across the region occurs during winter (December-February) with the least during 
the summer months (June- August). Seasonally, mean temperatures across the region typically 
peak in late July or early August and reach minima during late January or early February.  
Coldest overall temperatures tend to be observed in northern interior sections away from the 
lakes. Base 50°F seasonal growing degree day totals, a temperature-derived index of time spent 
above the 50 degree threshold, range from around 2000 in far northern Michigan and 
northeastern Minnesota to over 4000 in southern Missouri and Illinois.   
 
Average annual precipitation increases from northwest to southeast across the region (Figure 2) 
ranging from about 20 inches in northwest Minnesota to 47 inches in southern Missouri and 
along the Ohio River. Precipitation occurs in all months and seasons, but is generally greatest 
during the warm season and least during the winter months. The degree of seasonality increases 
from east to west across the region. Average summer rainfall exceeds12 inches across most 
western sections, accounting for almost 50% of the annual total.  Snowfall in the Midwest region 
is generally associated with either large, synoptic-scale weather disturbances or with the lake 
effect phenomenon, which may lead to highly varying snowfall totals over only short distances.  
Average annual snowfall varies from less than 10 inches in the far south to more than 200 inches 
in Michigan’s Upper Peninsula, where seasonal snowfall totals and seasonal duration of snow 
cover are climatologically among the greatest of any location in the USA east of the Rocky 
Mountains.  

Vulnerabilities 
 
Weather and climate have major influences on human and natural systems in the Midwest, 
although the overall impacts are relatively less than in other sections of the U.S (Cutter and 
Finch, 2008). Agriculture is a major component of the Midwestern economy, with over $200B in 
farm gate value (USDA/NASS, 2008). The region has over 400,000 farms and is responsible for 
a significant portion of total global corn and soybean production. The Midwest is also a major 
producer of fruits, vegetables, dairy and beef cattle, and pigs. Agricultural production in the 
Midwest is critically dependent on weather. Frequency and amount of rainfall, heat stress, pests, 
ozone levels, and extreme events such as heavy precipitation, flooding, drought, late spring or 
early fall freezes, and severe thunderstorms (high winds, hail) can seriously affect production. 
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The risks of significant losses from such events are often higher for smaller producers and for 
specialty crops.  
 
The major urban centers in the region, which include Chicago, Cincinnati, Cleveland, Detroit, 
Indianapolis, Milwaukee, Minneapolis-St. Paul, and St. Louis, are more sensitive to some 
weather and climate events due to the specific characteristics of the urban environment such as 
building density, land use, urban sprawl, and proximity to the Great Lakes.  Extreme 
temperatures and dewpoints can have large impacts on human health, particularly in the urban 
core where the urban heat island effect elevates summer afternoon temperatures and prevents 
cooling at night. Severe storms, both winter and summer, result in major disruptions to surface 
and air transportation that often have impacts well beyond the region.  During the winter, cities 
such as Chicago, Milwaukee, and Cleveland are susceptible to lake-enhanced snowfall during 
winter storms. Extreme rainfall causes a host of problems, including storm sewer overflow, 
flooding of homes and roadways, and contamination of municipal water supplies. Climate 
extremes combined with the urban pollution sources can create air quality conditions that are 
detrimental to human health.  
 
The region serves as the nation’s center for air and surface transportation; weather and climate 
extremes influence each form—commercial airlines, barges, trains, and trucks. Severe weather, 
including floods and winter storms, either stops or slows various forms of transportation for days 
and sometimes weeks. The Mississippi River, Ohio River, and the Great Lakes are used 
intensively for barge and ship transport; high and low water levels and ice cover, all determined 
largely by climate conditions, affect barge and ship traffic. 
 
Human health and safety are affected by climate conditions. Temperature extremes and storms 
have impacts on human health and safety, including loss of lives. Tornadoes, lightning, winter 
storms, and floods combined annually lead to many fatalities. Over the recent 15 year interval 
(1996-2010), approximately 104 weather-related deaths occurred per year across the 8 
Midwestern states while approximately 823 injuries occurred 
(www.weather.gov/om/hazstats.shtml). The occurrence of vector-borne diseases is modulated by 
climate conditions.   
 
With several large urban areas, as well as miles of shorelines along the Great Lakes and other 
lakes, tourism is a large business sector in the Midwest.  Climate conditions can greatly affect the 
number of tourists that decide to travel to and within the Midwest.  Temperature extremes and 
precipitation fluctuations in the summer affect winery production, lake levels for fishing and 
other water activities, golf course maintenance, and state park visits, as well as attendance at 
sporting events and historical sites.  In the winter, recreational activities such as skiing and 
snowmobiling are very dependent on the large annual fluctuations of snowfall and temperature 
across the region.  
 
Specific major climate vulnerabilities include: 
 

! Regional Floods   
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Flooding is an important and costly issue along Midwestern rivers (NRC, 2006).  The 
Mississippi (1927, 1965, 1993) and the Ohio (1913, 1937, 1997) Rivers have experienced some 
of the most costly flooding events in U.S. history. The largest of these, the 1993 Mississippi 
River flood, was the 2nd costliest flood in modern times (after Hurricane Katrina), with most of 
these losses occurring in the Midwest (Parrett et al., 1993).  In a study across the central states of 
the U.S., Changnon et al. (2001) ranked Iowa first, Missouri fourth, and Illinois sixth in state 
losses due to flooding during the 1955-1997 period. In addition to agricultural losses and direct 
damage to homes and infrastructure, floods can cause national disruptions to transportation 
because of the region’s role as the center of the surface and riverine systems. In the 1993 flood, 
bridges, railroads, and the river were all shut down for periods of weeks to months. A more 
recent flood event in eastern Iowa in 2008 led to massive flooding in Cedar Rapids, IA when the 
levels on the Cedar River exceeded the previous record by more than 11 feet and led to total 
damages on the order of $10B (Temimi et al, 2011). In response, the city created an award-
winning redevelopment plan that will help mitigate against the impacts of floods in the future 
(http://www.cedar-rapids.org/city-news/flood-recovery-
progress/floodrecoveryplans/pages/default.aspx). 
 
Flooding along the Ohio River Valley during the winter season has been linked to upper 
tropospheric teleconnection patterns.  La Nina (cool or negative phase) conditions in the Pacific 
have been shown to be significantly associated with wetter winter conditions and El Nino (warm 
or positive phase) with drier winters (Coleman and Rogers 2003).  The Pacific-North American 
(PNA) teleconnection index is even more strongly linked to the Ohio River Valley winter 
moisture with zonal(meridional) flow being related to wet(dry) conditions. PNA mode was 
strongly zonal during the period leading up to the 1997 Ohio River flood as well as during the 
1937 flooding event.  
 
While many flooding events are due to persistent patterns in heavy rainfall like the ones above, 
another type of flooding occurs in the spring due to melting snowpacks.  In the spring of 1997, 
record floods occurred along the Red River of the North and the Mississippi River in Minnesota 
and Iowa due to snowfall totals exceeding average by 150 to 250 percent (Kunkel 2003).   
 

! Severe thunderstorms  
 
Severe thunderstorms can be accompanied by tornadoes, hail, lightning, and strong straight-line 
winds, causing property and crop damage and human injuries and death. Non-tornadic 
thunderstorms are the most frequently-occurring weather catastrophe (as defined by the 
insurance industry) type based on insurance losses in this region (Changnon 2010). The mean 
annual numbers of severe thunderstorms generally decrease from southwest to northeast across 
the region, with southwestern portions included in the nation’s ‘Tornado Alley’ region of 
greatest severe weather frequency.  Four states in the Midwest region, MO, IL, IA, and IN, 
ranked among the top 10 states with greatest frequency of hail catastrophes ($1M or greater 
damage) during the period 1949-2006, with relative rankings of 5th, 7th, 8th, and 9th, respectively 
(Changnon, 2008). Severe thunderstorm frequency varies by season across the region, with 
greatest frequency during late spring and early summer over southern sections and during mid-
summer months across the far north. Most violent severe weather tends to occur during the 
spring.  
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! Summer drought, heat, and excess rain 

 
Since most agriculture in this region is rainfed, the Midwest is highly vulnerable to summer 
drought. Major droughts can cause billions of dollars in losses. As the nation’s and globe’s 
“breadbasket”, droughts can have substantial economic ramifications both nationally and 
internationally. Large scale regional droughts were relatively common in the Midwest during the 
period of 1895 to 1965, but since 1965, only the summer drought of 1988 has had severe impacts 
across the entire region. Due to the potentially large areas impacted, regional droughts may 
contribute to a large increases in world-wide commodity and food prices. 
 
During the summer, convective events can produce excessive rain over localized areas.  These 
events can produce flooding along small rivers and streams as well as in urban areas where 
drainage is not adequate.  Despite typically being short-lived, these flash flooding events can 
leave behind much damage.  Climatologically, the fraction of annual precipitation associated 
with the 10 largest events of the year increases from less than 0.3 across eastern Ohio to more 
than 0.5 across western sections of Minnesota, Iowa, and Missouri (Pryor et al., 2009a). 
 

! Heat waves 
 
Major widespread heat waves occurred in the region during 1934, 1936, 1954, 1980, 1995, 1999, 
and 2011 (Westcott, 2011), The 1995 heat wave, which lasted only 4 days, resulted in over 700 
fatalities in Chicago, the most deadly U.S. heat wave in decades. Maximum daily temperatures 
were equal to or greater than 90°F for seven consecutive days, and greater than 100°F for two 
days at the peak of the heat wave. Even more importantly, there was no relief at night, as 
nighttime minimum temperatures remained above 80°F during the hottest days. Heat waves also 
cause major power outages and disrupt a number of economic activities. Climatologically, the 
number of days with temperatures reaching 90°F or greater in the 9 largest urban areas of the 
region (Chicago, Cincinnati, Cleveland, Detroit, Des Moines, Indianapolis, Milwaukee, 
Minneapolis-St. Paul, and St. Louis) average from 7 (Milwaukee) up to 36 (St. Louis) days each 
year, while the number of days over 100°F range from one every two years up to an average of 
two per year. The factors that determine the region’s climate favor occasional episodes of intense 
heat that are frequently accompanied by very high humidity. The heat index combines 
temperature and humidity to estimate how hot humans feel. Currently, southern Midwest states 
experience between 6 (Indiana and Iowa) and 18 (Missouri) days per year with a heat index over 
95°F while northern states and states that border the Great Lakes such as Michigan and Ohio 
experience less than 3 days per year.  Bentley and Stallins (2008) identified three predominant 
synoptic features associated with extreme dew point (and heat wave) events across the Midwest: 
1) The development and propagation of low pressure from the high plains through the upper 
Great Lakes with the surface advection of low-level moisture from eastern Nebraska, Iowa, 
Missouri eastward into Illinois and Indiana. 2) Healthy agricultural crops and sufficient soil 
moisture content throughout the region and 3) Restricted low-level mixing in the boundary layer 
allowing near-surface moisture to become trapped. The episodic nature of these events 
contributes to vulnerability because the population does not become acclimated to the intense 
conditions as is the case in warmer regions of the country (Anderson and Bell, 2011).  There is 
evidence that adoption of simple community adaptive responses can mitigate the impacts of heat 
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waves (Palecki et al., 2001) and that the adverse impacts of heatwaves across the region have 
declined in recent decades due to improved health care, increased access to air conditioning, and 
infrastructural adaptations (Davis et al., 2002). In response to the 1995 heat wave, the City of 
Chicago put together an extreme weather operations plan that included mitigation steps for the 
city to take during heat waves. These were implemented during a 1999 heat wave that was nearly 
as hot as the 1995 event, but fatalities were far less numerous. The city has also put together an 
ambitious Climate Action Plan that outlines both adaptation and mitigation strategies. One 
strategy is an aggressive “green roof” campaign, which has resulted in the installation of seven 
million square feet of green roofing. Green roof tops have been shown to reduce temperatures in 
urban areas by as much as 5.5°F, but concerns exist that they also increase surface dewpoint 
temperatures, which lead to smaller decreases in the apparent temperature (Smith and Roebber 
2011). 
 

! Winter storms 
 
Major blizzards, snow storms, and ice storms create many problems for surface and air 
transportation. These in turn create numerous other impacts on the full spectrum of economic 
activities. Winter storms are the second-most frequent weather-related catastrophe in the region. 
The average annual incidence of snowstorms of 6” or greater snowfall in a 1-2 day period across 
the Midwest range from less than 0.5/year along the Ohio River to 1.0/year across most central 
sections of the region to 1.5 or more in northwestern Minnesota to more than 6/year along the lee 
sides of Lakes Superior and Michigan (Changnon et al., 2006). Major snowstorms are 
numerically most common in December in the lake effect snowbelt regions and during January 
elsewhere across the region. 
 
Regional Climate Trends 
 
 - Paleoclimate 
 
Ideally, the search for climatological patterns and trends thus requires consistent, unbiased data 
from as many long term sources as possible, as the magnitude of such trends may be far less than 
changes experienced on an annual, daily, or even hourly basis. In general, the amount and quality 
of data available for climatological analysis in the Midwest region decreases quickly with time 
into the past. Routine instrumental observations began in during the middle 19th century across 
much of the region, but the number and quality of those data and as well as differences in 
technology with current observations before the latter half of the 19th century complicate their 
use in such analyses.   
 
There are a number of paleoclimatic records in the region based on fossil, sediment cores, tree 
rings, and other such evidence which illustrate large shifts in climate over geologic time scales, 
ranging from humid tropical conditions during the Carboniferous and Devonian eras 400-300 
million Years Before Present (YPB) to frigid, glacial conditions as recently as 12,000 YBP 
during the end of the Pleistocene era.  These major shifts are thought to be the result many 
factors, including tectonic drift of the continents, changes in the composition of the earth’s 
atmosphere, periodic changes in the earth’s tilt and orbit around the sun (Milankovitch cycles), 



!#"
"

and catastrophic singular events such as the impact of large meteorites and major volcanic 
eruptions.   
 
More substantial paleoclimatological evidence of regional changes in climate is available since 
the end of the last major glacial epoch about 12,000 years before present. During early portions 
of the Holocene era approximately 10,000 years before present (YBP), climate in the region 
warmed rapidly following the end of the last major glacial epoch, resulting in a relatively mild 
and dry climate (versus current and recent past conditions) which lasted until about 5,000 YBP. 
During this period, the levels of the Great Lakes fell until the lakes became terminal or confined 
about 7,900 YBP (Croley and Lewis, 2006) and vegetation in the region gradually transitioned 
from a dominance of boreal to xeric species (Webb et al. al., 1993).  Beginning about 5,000 
YBP, climate cooled and precipitation totals increased, possibly associated with a change in jet 
stream patterns across North America from mostly west - east or zonal to more north - south or 
meridional (Wright, 1992). The cooler, wetter climate favored the establishment of more mesic 
vegetation, which is among the primary vegetation types today. Given a more meridional jet 
stream flow (and an increase in frequency of polar and arctic-origin airmasses into the region), 
there is also evidence to suggest that the frequency and amount of lake effect precipitation 
increased relative to previous periods at about 3,000 YBP (Delcourt et al., 2002).  Finally, during 
the late Holocene, the region experienced a period of relatively mild temperatures from 
approximately 800A.D. to 1300 A.D. (sometimes referred to as the ‘Medieval Warm Period’) 
followed by a period of relatively cool temperatures from about 1400A.D. until the late 19th 
Century (the ‘Little Ice Age’).   
 
The mid-continent of North America was likely drier than present during the mid-Holocene, 
based on inferences from fossil-pollen data and estimates of past lake levels, and such conditions 
have often been explained by increases in the dominance (frequency and/or duration) of Pacific 
airmasses, zonal flow patterns, or enhanced westerlies (Schinker et al., 2006).  The authors of 
this study also suggested that large-scale circulation patterns alone may not provide a full 
explanation of surface-moisture anomalies due to the dynamic interplay between surface 
conditions and atmospheric processes and that moisture availability (determined by atmospheric 
moisture flux and soil-moisture recycling) must also be considered. 
 
 - Instrumental Record 
   
Temperature 
 
Although there is tremendous inter-annual variability in regional temperatures, and there are 
multiplepoints in time when temperature shifts occurred, mean temperatures have increased 
overall since 1900 (Figure 3). Based on data obtained from the CRUTEM3 data set (Brohan et 
al., 2006), a homogenized data set with spatial resolution of 5 ! 5°, annual mean temperature 
over the Midwest increased by approximately 0.059°C per decade during 1900-2010 period, 
increased 0.12°C per decade for the period 1950-2010, and 0.26°C per decade for the period 
1979-2010. The trends and temporal patterns are somewhat similar to overall global trends which 
include an increase in mean temperature of about 0.8ºC since 1850 (IPCC, 2007). 
 
Precipitation 
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Overall across the region annual precipitation across the Midwest generally decreased from the 
late 1800’s through the dust bowl years of the mid 1930’s, followed by a general increasing trend 
beginning during the late 1930s that continues to the present (Groisman and Easterling, 1994; 
Andresen, 2012), with an overall increase in precipitation during the past century.  In general, 
annual precipitation has increased since 1895 by 2.5 – 5.5 inches, or a range of 5-15%. The 
1930’s were the driest decade on record regionally, while the recent 2-3 decades were the wettest 
(Lorenz at al., 2009). The increase in precipitation in since the 1930’s has occurred both as a 
result of an increase in the number of heavy precipitation events (Kunkel et al., 2003) as well as 
overall increases in the number of wet days and multiple wet day events.  In northeastern 
sections of the region, for example, the number of both single and 2-day consecutive wet day 
frequencies has increased more than 30% between the 1930s and the present (Andresen, 2012; 
Grover and Sousounis, 2002). Results from climate model experiments suggest that wetland 
drainage across some areas of the region over time has resulted in significant changes in the 
regional energy (sensible and latent heat flux) and radiation (long,wave radiation) budgets, 
possibly resulting in a warmer climate and a decrease in convective precipitation during the 
summer months (Kumar et al., 2010) 
 
Seasonality of Temperature, Precipitation Changes 
 
The increases in temperature and precipitation during the past century have not been consistent 
across season or time of day.  Trend statistics for precipitation and mean temperature by state 
and season are given in Tables 1a and 1b for the periods 1895-2010 and 1981-2010, respectively.  
While changes in precipitation and mean temperature have been generally consistent during both 
time frames across states within the region, a relatively greater proportion of the regional 
warming occurred during the winter and spring seasons during the 1895-2010 period, and during 
the summer and fall seasons during the last 3 decades. In some sections of the region (e.g. IL, IN, 
MI) mean summer temperatures actually decreased with time, possibly due to landscape cover 
type changes associated with intensified agriculture over time (Pan et al., 2004). Just as 
importantly, much of the warming in recent decades has been associated with warmer nighttime 
(i.e. minimum) temperatures (Lorenz et al., 2009a).  The latter results are consistent with the 
results of Zhang et al. (2001), who found largest increases in temperature across southern Canada 
between 1900 and 1998 had occurred in winter and early spring.  
 
Seasonal differences were also noted for regional precipitation trends. The majority of the 
increase in precipitation since the 1930’s has occurred during spring, summer, and fall seasons, 
accounting for over 90% of the increase in the overall annual precipitation.  In contrast, during 
the most recent three decades trends for fall precipitation were negative for all states except OH, 
while trends for almost all other seasons and states were positive.  There were also relatively 
larger increases in winter precipitation (0.039 inches/year on average).  
 
Growing Season 
 
The growing season length has increased across the region during the past several decades. In an 
earlier study, Skaggs and Baker (1986) concluded that frost free growing season length had 
increased an average of 14 days between 1899 and 1992.  Similarly, Robeson (2002) found the 
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length of the growing season in Illinois to have increased by nearly one week 1906-1997, much 
of the change the result of earlier last spring freezes. The date of the first fall freeze in the study 
was virtually unchanged during the study period.  These regional trends are consistent with 
larger, hemispheric trends (Linderholm, 2006) and have been confirmed with satellite data 
depicting phenological changes over large areas Zhou et al. (2001).  Averaged across the 8-state 
region over time (Figure 4), the frost free growing season length averaged about 155-160 days 
prior to the 1930s, then increased to around 160 days during the 1930s into the 1980s. Since the 
1980s, it has continued to increase and now averages about a week longer than during the 1930s 
to 1980s period. In some contrast to the findings of Robeson (2002), the increase in length across 
the region is the result of both earlier last spring freeze and later first fall freeze.  
 
Ice Cover 
 
Among the impacts resulting from the recent warmer winter temperatures is a reduction in the 
amount and duration of ice cover on lakes across the Midwest region including the Great Lakes. 
This trend is well documented in previous studies by Magnuson et al. (2000) and Magnuson et 
al. (2010) which suggest an increasingly later onset of first ice cover on inland lakes in the region 
by 6-11 days since the middle 19th century and an increasingly earlier breakup of ice in the 
spring from 2-13 days during the same period. While available for a much shorter period of 
record, satellite imagery provides a more comprehensive estimate of ice cover changes on the 
Great Lakes as shown in Figure 5 for the period 1973-2009 (Wang et al., 2010). Average ice 
cover area across the Great Lakes during this period peaked during the late 1970’s before 
decreasing by more than one half during the 1-2 decades of record. These numbers are in good 
agreement with the results of Duguay et al. (2006), who documented similar decreases in ice 
cover duration as well as trends towards earlier lake ice break up in the spring season during the 
period 1951-2000 in nearby areas in Canada. 

Snowfall 
 
Trends in seasonal snowfall across the Midwest during recent decades have varied by location. 
Average seasonal snowfall totals plotted for the thirty-year periods 1961-1990 and 1981-2010 in 
Figure 6 reveal some interesting patterns. In general, mean seasonal snowfall decreased across 
far southern sections of the region between the two periods, remained about the same across 
central sections, and increased across the north, especially in areas downwind of the Great Lakes.  
These trends are consistent with a reduction in the number of synoptic snowfalls and an increase 
in the frequency of lake effect snowfalls, possibly both linked with milder wintertime 
temperatures and the warmer, more open waters of the Great Lakes during the past few decades 
(Burnett et al., 2003). Similarly, temporal trends in the frequency of major snowstorms varied 
widely across the region during 1901–2000, with downward trends across southern sections and 
upward trends across the north (Changnon et al., 2006).  In terms of snow cover, Dyer and Mote 
(2006) found minimal changes in North American snow depth through January, with regions of 
decreasing snow depths beginning in late January and continuing through March and into April, 
implying an earlier onset of spring melt. As noted by Andresen (2012) in sections of the Great 
Lakes region, there are distinct connections with snow cover and trends towards milder 
temperatures, with recent observations suggesting that milder winter temperatures are melting 
snow more quickly than in past decades even though more snow is falling.  
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Cloudiness 
 
Given trends toward more annual precipitation and days with precipitation in recent decades, it is 
also logical to assume that cloudiness in the region has increased as well. Unfortunately, quality 
cloudiness and solar radiation observational records in the region are scarce. In an examination 
of observations obtained from U.S. military installations between 1976 and 2004, Dai et al. 
(2006) concluded that total cloud cover over most of the contiguous United States has increased 
during the period continued to 2004, including changes at Midwestern locations in the range of 
1-3% per decade. While these findings are limited by the relative lack of data available for the 
study, they are consistet with the observed reduction in U.S. surface solar radiation from 1961 to 
1990 reported by Liepert (2002) and average global decreases of 2.7% per decade noted by 
Stanhill and Cohen (2001). Besides the increasing frequency of precipitation, Minnis et al., 
(2004) attributed at least part of the recent increase in cloudiness to increases in high level 
cirriform cloudiness across the Midwest associated with jet aircraft contrails.  
 
Humidity 
 
The search for trends of humidity is complicated by the relative lack of quality observations and 
past changes in sensor technology.  Most existing studies suggest that humidity levels across the 
Midwest have increased in recent decades. For example, Gaffen and Ross (1999) reported 
positive trends of both relative and specific humidity across the USA, although the relative 
humidity trends were weaker than specific humidity trends. Dai (2006) found relatively large 
changes of 0.5-2.0% per decade in surface relative humidity observations from 1976 to 2004 
across the central USA while Changnon et al. (2006) reported a steady increase of the frequency 
of high dewpoint days during the period 1960-2000.  In a very recent study, Schoof (2012) found 
increases in maximum dew point temperatures during the summer season across the Midwest 
which partially offset flat or decreasing maximum air temperatures and a wide variance in trends 
of resulting apparent temperatures.  A likely cause of higher dew point temperatures during the 
growing season is the significant increase in plant density from earlier decades, which greatly 
enhances the transpiration of water from the soil to the atmosphere (Changnon et al. 2003).  
 
Wind 
 
Similar to humidity, there is a relative paucity of long-term records of near-surface wind speeds, 
which when coupled with inconsistencies manifest in different data sets, the highly uneven 
spatial coverage of surface observing stations, and issues pertaining to local land-cover change in 
the proximity of the observational sites, confound accurate assessment of wind climates and the 
presence or absence of temporal trends. In an analysis by Pryor et al. (2009b) based on North 
American Regional Reanalysis (NARR) 8-times per day output,10m wind components at a 
resolution of ~ 32 ! 32 km were extracted for 1979-2006 and analyzed to quantify mean 
temporal trends in a range of metrics of the wind speed distribution. In general, there was no 
evidence of significant changes in either the central tendency or higher percentiles of the wind 
speed distribution over the period of record.  
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Extreme Precipitation 
 
Intense precipitation events are an important part of annual hydrology in the Midwest, with over 
30% of total annual precipitation obtained in the ten wettest days of the year in most areas of the 
region (Pryor et al., 2009a). In the western part of the region, as much as 50% of annual 
accumulated precipitation is falls in 10 daily events. Spatial patterns in the total amount of 
precipitation in the 10 greatest rainfall events per year and in the temporal trends of that sum are 
given in Figures  7a and b (from Pryor et al., 2009a).  Both metrics closely mirror those present 
in the total annual precipitation with the highest values in the south of the region and lowest 
values in the north.  In general, stations that exhibit significant changes in the metrics of extreme 
precipitation indicate trends towards increased values. Twenty-two percent of the stations 
considered in the study exhibited significant increases in the total accumulated precipitation 
during the top-10 wettest days of the year.  Over the region as a whole, the occurrence of intense 
precipitation events has risen substantially in recent decades. In an update of an earlier study by 
Kunkel (2003), the number of 24 hour, once in 5-yr storms was found to have increased by about 
4% per decade since the beginning of the 20th Century (Figure 8). About 85% of the events 
occured during the warm season period of May through September and approximately 90% of 
the annual trend was due to increases during the warm season period.  Synoptically, the risk of 
intense rainfall events in the region tends to be associated with a westward extension and 
strengthening of the Bermuda subtropical high across the western Atlantic Basin (Weaver and 
Nigam, 2008; Bell and Janowiak, 1995) as well as the development of a slow moving, cut-off-
low system over the Rockies Mountain and Great Plain region which and steadily advexcts low-
level moisture into the Upper Mississippi region from the Gulf of Mexico (Gutowski et al., 
2008). The trend towards heavier rainfall has resulted in an overall increased flooding threat 
across the region (Markus et al., 2007), although in many urban areas the increased flood risk 
was found to be more strongly associated with land cover change factors than climatologic 
factors (Scharffenberg and Fleming, 2006). 

Extreme Temperatures 
 
Time series plots of 4-day cold waves and heat waves in the region from 1985 through 2010 are 
given in Figures 9 a and b after Kunkel (2003). Following relatively higher frequencies during 
the first few decades of the 20th century and from the late 1960’s through the early 1990’s, 
intense cold waves have been relatively infrequent. The frequency of intense heat waves has also 
been relatively low in recent decades, especially relative to the 1930s Dust Bowl era which 
remains the most intense in the historical period of record.  
 
Given recent upwards trends in temperature overall, a majority fraction of climate observing sites 
within the region recorded significant increases in warm extreme maximum temperature 
exceedences during the 1960-1996 period as well as increases in warm minimum temperatures 
and decreases in cold extreme maximum and minimum temperature exceedences (DeGaetano 
and Allen, 2002).  
 
Drought 
 



!("
"

Given an increase in precipitation across the region during the past several decades, the 
incidence of drought has decreased with time. In a study across central sections of the Midwest, 
Mishra et al. (2010) found upward trends of precipitation and temperatures from 1916-2007 were 
associated with increases in total column soil moisture and runoff and decreases in frozen soil 
moisture. The authors also concluded that the study region has experienced reduced numbers of 
extreme and exceptional droughts with lesser areal extent in recent decades. A study by 
Andresen et al. (2009) suggests that a majority of the 10-15% increase in annual precipitation in 
Michigan during the past 50 years ended up as shallow aquifer recharge, which is in turn 
supported by observations of increasing base streamflow across the region (Johnston and 
Shmagin, 2008). The trend towards a wetter climate and decreasing drought frequency has also 
had a major impact on the region’s agriculture industry in recent decades, with relative increases 
in crop yields due to less moisture stress and overall more favorable growing conditions 
(Andresen et al., 2001; Kucharik and Serbin, 2008). 
 

! Synoptic Changes 
 
The physical causes behind the trends noted in this study are in many cases unclear.  However, 
given the strong dependence of daily and weekly weather patterns in the region on the location 
and behavior of the polar jet stream, it is likely that they are at least partially linked to larger, 
synoptic-scale changes of this feature.  In general, synoptic patterns characterized by large 
amplitude long waves in the middle and upper levels of the hemispheric circulation across the 
region lead to cooler or warmer than normal weather, and depending on the location of the upper 
air feature, wet or dry conditions resulting from cyclones or anticyclones, respectively. While 
several studies have investigated links between climatologic trends and synoptic circulation 
patterns over large scale areas, relatively few have focused on the Midwest region.  
 
In a study over the Northern Hemisphere, Agee (1991) found a positive correlation between 
increased (decreased) cyclone frequency and increased (decreased) hemispheric temperatures 
associated periods of warming and cooling mean temperatures between from 1900-1990. He 
associated the periods of warming with a flatter, relatively zonal pattern jet stream of short waves 
carrying more numerous yet weaker disturbances, and periods of cooling with stronger, less 
numerous disturbances.  
 
There are documented changes in synoptic patterns over at least portion of the Midwest. In a 
study over the Great Lakes region, Angel (1996) found a statistically significant increase in the 
frequency of strong cyclones over the Great Lakes in November and December during the 20th 
century.  This is consistent with a subsequent study by Polderman and Pryor (2004), who 
reported an increasing frequency of cyclones originating from Colorado and surrounding region 
along with a decrease in the frequency of Arctic (cold polar highs) outbreaks in the Great Lakes 
region during their 1956-1999 study period. However, the link between upper tropospheric flow 
and anomalous weather trends in the region is complicated. For example, Booth et al (2006) 
linked enhanced westerly upper air flow during the summer with increases in the frequency of 
relatively dry Pacific-origin air masses, reductions in northward Gulf of Mexico moisture 
transport, and to drier than normal conditions across western sections of the Midwest region. On 
the other hand, Grover and Sousounis (2002) suggest that upper tropospheric flow across the 
region during the fall season was relatively more meridional during the 1935-1956 period, and 
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more zonal during the 1966-1995 period, which may have led to both greater frequency and total 
amounts of precipitation.  In this study, the zonal flow was associated with greater baroclinicity 
across the Rocky Mountain region as well as a stronger subtropical jet and stronger low-level 
flow of moisture from the Gulf of Mexico. Some trends appear to also be related to longer term 
large scale oceanic sea surface temperature and circulation patterns in the Pacific and/or Atlantic 
Basins (e.g. Birka et al., 2010; McCabe et al., 2004). 
 
Summary 
 
Climate across the Great Lakes region has varied markedly during the past, ranging from tropical 
to glacial and including almost everything in between.  Instrumental measurement records of the 
most recent century suggest some general temporal trends across the region. Mean temperatures 
warmed from approximately 1900 to 1940, followed by a cooling trend from the early 1940’s to 
the late 1970’s, followed by a second warming trend that began around 1980 through the present.  
Much of the warming trend during the past 2-3 decades has been associated with warmer 
minimum temperatures during the winter, spring, and summer seasons. Following an abnormally 
dry decade during the 1930’s, the region has also progressively become wetter, due both to 
increases in the number of wet days and intense precipitation events. Seasonal snowfall has 
trended upwards in areas of the region frequented by lake-effect snowfall, while totals have 
remained steady or decreased slightly in non-lake effect areas.  Given milder winter 
temperatures, snow cover is decreasing across the region, even in areas where snowfall has 
increased. Trends of severe weather vary across the region, with general decreases in the 
frequency of hail and increases in frequency of heavy rain events and associated flooding. 
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Tables 

 
 Precipitation (in./year) Temp (ºF/year) 

1895-
2010 Annual Winter Spring Summer Fall Annual Winter Spring Summer Fall 

IA 0.040*** 0.002 0.017*** 0.020*** 0.000 0.009** 0.014 0.014** 0.004 0.001 

IL 0.039*** 0.004 0.012 0.012* 0.010 0.004 0.005 0.011* -0.001 -0.001 

IN 0.049*** 0.001 0.015* 0.020*** 0.012 0.003 0.006 0.010* -0.005 -0.001 

MI 0.038*** 0.003 0.004 0.016*** 0.016*** 0.001 0.008 0.007 -0.006 -0.008 

MN 0.029*** 0.003 0.008 0.008 0.010* 0.014*** 0.022* 0.015** 0.008* 0.006 

MO 0.027 0.005 0.010 -0.004 0.015* 0.005 0.008 0.010* 0.002 -0.004 

OH 0.034*** -0.002 0.011* 0.008 0.015*** 0.008*** 0.011 0.014*** 0.002 0.003 

WI 0.022** 0.002 0.005 0.012* 0.003 0.009*** 0.019* 0.013* 0.002 0.002 

AVG 0.035 0.002 0.010 0.012 0.010 0.007 0.012 0.012 0.001 0.000 

 
 
 

 Precipitation (in./year) Temp (ºF/year) 
1981-
2010 Annual Winter Spring Summer Fall Annual Winter Spring Summer Fall 

IA 0.075 0.031 0.044 0.079 -0.081* 0.007 -0.031 -0.010 -0.006 0.062 

IL 0.078 0.029 0.053 0.051 -0.053 0.036 0.014 0.046 0.020 0.050 

IN 0.196* 0.073 0.066 0.069 -0.011 0.033 0.005 0.058 0.016 0.040 

MI 0.000 0.040 0.033 0.006 -0.076** 0.041 0.036 0.018 0.030 0.081*** 

MN 0.016 0.028** 0.023 -0.025 -0.003 0.028 0.007 -0.037 0.005 0.122*** 

MO 0.014 -0.007 0.073 0.013 -0.065 0.038 0.020 0.035 0.045 0.043 

OH 0.222** 0.084*** 0.066 0.057 0.017 0.042* 0.008 0.060 0.048 0.047 

WI -0.005 0.033 0.035 0.033 -0.104 
*** 0.037 0.030 -0.005 0.015 0.100*** 

AVG 0.075 0.039 0.049 0.036 -0.047 0.033 0.011 0.021 0.022 0.068 

 
Table 1 a, b.  Yearly trends in precipitation (inches/year) and mean temperature (ºF/year) for a) 
1895-2010 and b) 1981-2010 periods. Asterisks denote significance at 0.10 (*), 0.05(**), and 
0.01(***) levels respectively. 
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Figure 1. Average annual temperature (°F), 1981-2010. Figure courtesy of Midwestern Regional 
Climate Center.  
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Figure 2. Average annual precipitation, 1981-2010. Figure courtesy of Midwestern Regional 
Climate Center.  
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Figure 3: Annual temperature anomalies for the Midwest from the CRUTEM3 data set.  The 
anomalies are relative to 1961-1990. The data have a spatial resolution of 5 x 5° thus the domain 
used to construct this figure is 35°N to 50°N and 95°W to 80°W.  Data were downloaded from 
http://www.cru/uea.ac.uk/cru/data/temperature/#datdow.  Also shown is a 5 year running mean 
and linear fits to the annual data for 1900-2010, 1950-2010 and 1979-2010.  The shading 
represents the 95% confidence intervals on the fits.  The slopes of the region-wide trend 
estimates are expressed in °C per decade and are shown for 3 time periods; 1900-2010, 1950-
2010, and 1979-2010 (Pryor and Barthelmie 2012a).  
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Figure 4. Length of the growing season, defined as the period between the last occurrence of 32° 
in the spring and first occurrence of 32°F in the fall.  The red line is a 10-yr moving average.  
Based on data from the National Climatic Data Center for the cooperative observer network and 
updated from Kunkel et al. (2004). 
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Figure 5. Time series of annual average ice area coverage on the Great Lakes.  From Wang et al. 
(2010). 
"
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Figure 6.  Mean seasonal total snowfall (inches) across the Midwest for a) 1961-1990 (left)  and 
b) 1981-2010 (right) periods. Figures courtesy of Midwest Regional Climate Center.  
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Figure 7. a) Mean sum of the top-10 wettest days in a year (mm) (1971-2000) and b) Trend in 
sum of the top-10 wettest days in a year 1901-2000 expressed in a percent per decade.  Red 
circle indicates the station showed a statistically significant increase through time; blue circle 
indicates a statistically significant decline. Plus symbol indicates trend was not significant 
(shown as 0 in the legend.  The diameter of the dot scales linearly with trend magnitude (Pryor et 
al. 2009b).   
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Figure 8. Time series of extreme precipitation index for the occurrence of 1-day, 1 in 5 year 
extreme precipitation events.  The annual time series and linear trend (straight line) are shown in 
blue.  A time series for the months of May through September is shown in red.  Analysis is 
averaged for the states of IL, IN, IA, MI, MN, MO, OH, and WI.  Based on data from the 
National Climatic Data Center for the cooperative observer network and updated from Kunkel et 
al. (2003). 
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Figure 9. Time series of an index for the occurrence of a) cold waves defined and b) heat waves 
defined as 4-day periods colder and warmer than the threshold for a 1 in 5 year recurrence, 
respectively.  Based on data from the National Climatic Data Center for the cooperative observer 
network and an update by Kunkel et al. (1999). 
"
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Abstract/Highlights  
  
Climate projections from multiple sources display good agreement regarding future changes for the 
Midwest region in annual and seasonal mean temperature, the frequency of temperature thresholds such 
as the frequency of heat waves, and the magnitude of temperature indices such as degree day 
accumulations.  Comparison and integration of the different downscaled temperature projections also 
illuminate interesting and relatively consistent spatial variations in projected future temperature change 
across the Midwest.  In contrast, projections of future precipitation change remain highly uncertain for the 
Midwest.  The majority of climate projections are in agreement regarding the sign of the projected change 
for only the winter (December-February) season.  Precipitation intensity is generally projected to increase 
by the mid and late century, although errors in the downscaled simulations of the frequency distribution 
of daily and subdaily precipitation complicate interpretation of potential changes in intensity.  Uncertainty 
also shrouds future projections in wind climates.  The dynamically-downscaled climate projections 
available from North American Regional Climate Change Assessment Project provide an exciting new 
resource for assessment studies, although evaluation of these projections for the Midwest region remains 
limited.  Preliminary elevations suggest that bias corrections may be needed for some applications.  
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 Introduction 
Climate change projections, sometimes referred to as climate scenarios, are widely used in 

climate change impact assessments, including assessments conducted at the local/regional scale such as 
the scale of the National Climate Assessment Midwest region. Often, although not always, local/regional 
climate impact analyses employ an end-to-end assessment that links the climate projections in a 
sequential manner to a downstream suite of  models which may include, but are not limited to, 
ecological/process models, economic models, and decision making models (Winkler et al., 2011a; Figure 
1). 
 

 
Figure 1.  Schematic of an end-to-end assessment strategy, also referred to as a “feed forward approach”, for a 
local/regional climate impact assessment.  The types of models and the number of “links” will vary for different 
assessments.  Climate change projections serve as a starting point for an end-to-end assessment. SOURCE: 
Modified from Winkler et al. 2011a.  [Permission needed.] 
 
 A number of different approaches are used to develop climate projections.  Impact researchers 
must carefully consider the strengths and limitations of these approaches along with the characteristics of 
the ensuing climate projections when selecting projections for use in a specific application.  Furthermore, 
syntheses of potential impacts for a region, including the whitepapers prepared by the Midwest Technical 
Input Team and the Midwest Chapter for the National Climate Assessment (NCA) report, must take into 
consideration the characteristics and limitations of the different sources of climate projections when 
interpreting, comparing, and integrating outcomes from multiple studies and impact analyses. 
 The goals of this whitepaper are multi-fold.  First, we briefly review commonly-used approaches 
to develop local/regional climate projections and highlight strengths and limitations.  Second, available 
climate projections for the Midwest region are summarized to provide an indication of currently-available 
resources for climate change assessments for the region.  Third, we discuss several key concepts and 
issues related to climate change projections whose understanding we feel is essential for an informed and 
nuanced interpretation and synthesis of the substantial literature on potential climate impacts in the 
Midwest.  Fourth, we summarize by climate variable potential future changes as synthesized from 
currently-available peer-reviewed and gray literature. This whitepaper expands upon the document, 
“Climate of the Midwest U.S.”, prepared by Kunkel et al. (2012) for the National Climate Assessment 
Development and Advisory Committee, in that additional climate projections are incorporated and 
background information for thoughtful use of these projections is provided.   
 
 
Climate Projections: Downscaling Methods  

Typically, climate change projections are derived from simulations from global climate models 
(GCMs).  GCMs have a relatively coarse spatial resolution; those used for the IPCC Fourth Assessment 
Report had latitude-longitude spacing that ranged from 4o by 5o to about 1.1o by 1.1o.  This motivates the 
use of “downscaling” methods to infer the high spatial and/or temporal resolution needed for most impact 
assessments. 

Traditionally, downscaling procedures have been classified as either “dynamic” or “statistical”.  
However, following Winkler et al. (2011a,b), we employ a three-tier classification, namely dynamic 
downscaling, empirical-dynamic downscaling and disaggregation downscaling methods. In our opinion, 
this classification of downscaling methods better captures the underlying philosophies of the different 
downscaling approaches, and the terminology helps point to the characteristics, and also the limitations, 
of the resulting climate projections. Each of the three downscaling methods is briefly summarized below 
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and illustrated in Figure 2.  More detailed reviews of downscaling approaches can be found in Mearns et 
al. (2003), Wilby et al. (2004), Benestad et al. (2008), and Winkler et al. (2011a,b). Additionally, Winkler 
et al. (2011a) provide a “checklist” of considerations for evaluating alternative downscaling options.   

 It is not possible to argue for one downscaling approach as universally “better” than another 
(Christensen et al. 2007).  Rather, the different approaches should be viewed as complementary, and the 
choice of downscaling approach(s) should be appropriate to the assessment objectives. 
 
Dynamically-downscaled climate projections 

Dynamic downscaling refers to the use of numerical models such as regional climate models 
(RCMs) to simulate fine-resolution climate fields.  Dynamic downscaling can be particularly useful when 
the local/regional climate is strongly influenced by mesoscale (a few to several hundred kilometers) 
circulation features whose strength and/or location may change in a perturbed climate or when regional-
scale influences such as terrain or changing land use are anticipated to have large effects on the 
local/regional climate. RCMs, like GCMs, are based on the fundamental equations of atmospheric 
dynamics and thermodynamics. For this reason they are often a better choice when an assessment requires 
a suite (e.g., temperature, humidity, wind, and radiation) of physically consistent and spatially and 
temporally coherent climate variables (Hanssen-Bauer et al. 2005).  However, dynamic downscaling is 
demanding in terms of time and resources, particularly when a very fine resolution is desired. For 
comparison to observations RCMs are driven by lateral boundary conditions obtained from reanalysis 
fields, in which a GCM is constrained to follow observations. The reanalysis is considered to represent a 
“perfect” (more correctly, the best possible) GCM and thus allows the errors and biases of the RCM itself 
to be isolated. RCMs are also driven by coarse-scale simulations from GCMs both for historical and 
future periods.  Comparisons of RCM results when driven by historical reanalyses with corresponding 
results when driven by GCM simulation of the corresponding period help to determine errors attributable 
to using the GCM's depiction of current climate to force the downscaled results. Typical horizontal 
resolutions of RCMs for multi-decadal, continental-scale simulations are on the order 25-50 km 
(Rummukainen 2010). Simulations with resolutions of only a few kilometers are possible using multiple 
nested RCMs, or when considering shorter periods or smaller domains (e.g., Liang et al. 2001; Hay et al. 
2006).   

Resource constraints often limit RCM simulations to relatively short periods of a few decades in 
length (e.g. Christensen et al. 2002; Leung et al. 2004; Plummer et al. 2006).  Furthermore, simulations 
with a given RCM typically have been driven by a single GCM or only a small number of GCMs.  This 
limitation arises from several practical considerations:  GCMs do not usually store the high time 
resolution data needed for RCM boundary conditions; the differing output formats for different GCMs 
require extensive coding or data reformatting so that the data can be read by the input procedures used in 
the RCMs; and execution of RCMs requires substantial computing time and human resources.  Both short 
simulation periods and limited number of GCMs used in RCM studies have implications for evaluating 
the uncertainty surrounding projected changes.  These constraints may be ameliorated in future RCM 
simulations that use the CMIP5 GCM results currently being produced. The CMIP5 protocol includes 
provision for saving output from participating GCMs at sufficient time resolution for use as RCM 
boundary conditions so that suitable output from more GCMs will be available. The CMIP5 GCMs also 
use a standard output format which should reduce the effort needed to adapt an RCM to boundary values 
from different GCMs. 

Another important consideration when interpreting dynamically-downscaled climate projections 
is that (as with GCMs) some processes either occur at scales finer than the RCM resolution or are too 
complex to be realistically represented within the model (Laprise 2008).  These processes are instead 
“parameterized”, i.e., represented in terms of resolved variables and/or simplified parameters.  A variety 
of parameterization schemes exist for processes such as moist physics and land surface processes, and the 
choice of model parameterization may have a substantial impact on the RCM simulations (Liang et al. 
2004).  
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An example of dynamic downscaling is the North American Regional Climate Change 
Assessment Program (NARCCAP; Mearns et al. 2012), which has generated a uniquely detailed suite of 
regional-scale climate output. Under NARCCAP, RCMs have been driven both by reanalysis fields and 
by GCM results. In the former the lateral boundary conditions are supplied by output from the NCEP-
DOE reanalysis (shown as NCEP in Table 1), while in the latter a suite of 4 GCMs has been used to 
provide the nesting. Output is being made available to all parties and for many variables at a daily or 
higher temporal resolution. This matrix of GCM-RCM combinations allows for detailed evaluation of the 
value-added of dynamical downscaling and the primary sources of uncertainty (Pryor et al. 2012b).   
 

Table 1: Available NARCCAP simulations. SOURCE: http://www.narccap.ucar.edu/ 
Climate Models Regional 

Models GFDL CGCM3 HADCM3 CCSM NCEP 
CRCM  X  X X 
ECP2 X  X  X 
HRM3 X  X  X 
MM5I   X X X 
RCM3 X X   X 
WRFG  X  X X 
Time Slices X   X  
ECPC     X 
WRFP     X 

 
Empirical-dynamic downscaling  

Empirical-dynamic downscaling employs statistical methods to relate local/regional climate 
variables to large-scale circulation and atmospheric state variables that are chosen to represent important 
dynamical and physical processes in the atmosphere (Winkler et al. 2011a).   Empirical-dynamic 
downscaling does not operate directly on the variable of interest as predicted by the global model, 
typically a surface weather variable such as temperature, precipitation or wind speed.  Instead, the 
variable is inferred from derived relationships to large-scale variables predicted by the model. For 
example, precipitation could be inferred from the value of a mid-atmospheric circulation property such as 
vorticity (Schoof et al. 2010).  This method is frequently used when climate scenarios for individual 
locations are required and/or when the climate variables needed for the assessment are poorly simulated 
by GCMs or RCMs.  Also, because these methods generally are not as resource intensive as dynamic 
downscaling, it is somewhat easier to build a larger ensemble (i.e., suite) of projections and include 
multiple future time slices.  

The underlying assumptions of empirical-dynamic downscaling are that 1) GCMs better simulate 
circulation and “free atmosphere” variables compared to surface climate variables, 2) circulation and free 
atmosphere variables are representative of larger spatial scales compared to surface climate variables, 3) 
empirical relationships can implicitly capture the effects of local topography, geography and boundary 
conditions on the surface variables, and 4) the relationships are stationary in time; i.e., relationships 
observed for the current climate will be applicable in the future (Winkler et al. 1997).  Statistical transfer 
functions are developed to relate these large-scale variables to surface weather elements such as 
temperature and precipitation.  Downscaled projections usually are developed separately for each climate 
variable, which results in less physical consistency and spatial and temporal coherency between variables 
as compared to scenarios obtained from dynamic downscaling.  Climate projections can be developed 
using this approach at temporal resolutions ranging from daily to seasonal. Many empirical-dynamic 
downscaling approaches are patterned after short-range forecasting techniques such as model output 
statistics (MOS; Karl et al. 1990). Regression-based methods are commonly used to develop empirical 
relationships between the circulation-based predictors and the surface-based predictands though other 
methods such as neural networks also have been explored (Schoof and Pryor 2001; Olsson et al. 2004). 
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The empirical functions are typically developed separately for each location, in order to implicitly capture 
local influences.   
 
Disaggregation downscaling methods 

Disaggregation methods include interpolation and other statistical methods to estimate fine-scale 
values from coarse-scale spatial fields of a particular variable, or to infer finer time resolution from 
temporally-aggregated averages or accumulations of climate variables (Winkler et al. 2011a). To date, 
disaggregation downscaling has been the most common approach for developing local/regional climate 
projections. In general, disaggregation methods require fewer resources than either dynamic or empirical-
dynamic downscaling, contributing to their popularity.  

A simple approach that incorporates both spatial and temporal disaggregation is to 1) spatially 
interpolate coarse-scale GCM simulations of monthly means and accumulations of climate variables to a 
finer resolution grid or to station locations, 2) calculate the difference or ratio between the GCM projected 
value for a future period and for a control (historical) period, and 3) apply the differences (for 
temperature) or ratios (for precipitation) to gridded or station specific historical observed time series. This 
approach, referred to as the “delta method,” was one of the first downscaling methods employed in 
climate impact assessments and remains popular today.  The spatial interpolation schemes vary from 
those based on distance only (e.g. Tabor and Williams 2010) to more complex schemes such as thin plate 
spline interpolation (e.g. WorldClim future projections, http://www.worldclim.org/futdown.htm) that uses 
elevation (obtained from a digital elevation model) in addition to latitude and longitude to capture the 
influence of fine-scale topography on the temperature and precipitation fields.  The advantages of this 
downscaling approach, beyond simplicity, are that the daily series are temporally and spatially coherent as 
long as the same historical series for the same time period was used for all locations when applying the 
delta change value. Among the disadvantages are that the resulting fields are not spatially consistent and 
that changes in the statistical distributions of events are not accounted for (e.g., decreased or increased 
frequency of storms resulting from shifts in the jet stream). A variation of the delta approach is to first 
apply bias corrections to the GCM-simulated means and accumulations to adjust for error observed in the 
GCM simulations for historical periods. 

Stochastic weather generators (e.g. Wilks 1992; Katz 1996; Semenov and Barrow 1997; 
Dubrovsky et al. 2004, Qian et al. 2008; Semenov 2008) are an alternative approach to obtaining finer 
temporal resolution from monthly projections. Typically, weather generators use Markov processes to 
simulate wet/dry days and then estimate wet day amounts, temperature and solar radiation conditional on 
precipitation occurrence (Wilby et al. 2004; Wilks 2010). One consideration when employing climate 
projections developed using weather generators is that the daily values are not spatially and temporally 
coherent. 
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Figure 2: Schematic of the outputs of dynamic downscaling, empirical-dynamic downscaling, and disaggregation 
downscaling methods when applied to GCM simulations. The products from the downscaling can be gridded fields 
of climate variables at a range of spatial scales or climate scenarios for specific locations.  Different approaches to 
downscaling can be applied, as shown by the colored arrows.  Also, multiple downscaling steps can be used to 
obtain the desired spatial resolution. SOURCE: Winkler et al., 2011a.   [Permission needed.] 
 
 
Available Climate Change Projections for the NCA Midwest Region 
 In the support documents provided by Kunkel et al. (2012), four sets of climate projections are 
utilized. These include: 1) coarse-scale simulations from fifteen GCMs obtained as part of the Climate 
Model and Intercomparison Project Phase 3 (CMIP3; Meehl et al., 2007), 2) time series of monthly 
temperature and precipitation at a 1/8o latitude/longitude resolution obtained by applying combined bias 
correction and spatial disaggregation downscaling procedures, referred to as the “BCSD method” (Maurer 
et al. 2007) to the CMIP3 GCM simulations, 3) daily time series of temperature and precipitation 
obtained from temporal disaggregation of the BCSD spatially downscaled monthly and temperature 
values by adjusting randomly-selected observed daily time series by the projected differences in the 
monthly values (i.e., the delta method), and 4) nine RCM simulations obtained from the North American 
Regional Climate Change Assessment Project (NARCCAP).  Thus, the guidance provided to the National 
Climate Assessment includes one set of non-downscaled climate projections, two sets of projections 
downscaled using disaggregation approaches but with different temporal resolutions, and a set of 
dynamically-downscaled projections.  

Considerable additional resources are available climate for change assessments for the Midwest 
region.  A number of fine-resolution climate projections with global coverage have been developed by 
research groups worldwide that may be relevant for assessment activities in the Midwest depending on 
the assessment goals. Additionally, climate change projections have been developed specifically for the 
Midwest.  Available climate projections are summarized in Table 2. As can be seen from the table, these 
projections differ in terms of downscaling procedure, resolution, time slices, the number of GCMs from 
which projections are derived, and the underlying greenhouse gas emissions scenarios.  
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Considerations when Using and/or Interpreting Climate Projections 
 
Ensembles and multimodel means 

One of the most robust conclusions from climate model evaluation studies is that there is no 
single best model for all locations, periods, or variables of interest (Pierce et al. 2009).  Therefore, most 
climate change assessments employ an ensemble of climate projections.  Ensembles provide an estimation 
of what Jones (2000) refers to as the “calibrated range of uncertainty”, and what Stainforth et al. (2007, 
page 2166) refer to as the “lower bound on the maximum range of uncertainty”. A typical ensemble will 
include projections derived from a number of different GCMs in order to capture uncertainty introduced 
by the structural differences of GCMs.  Projections obtained from GCM simulations driven with different 
greenhouse gas emissions scenarios are also typically included in an ensemble.  More recently, 
projections developed from multiple simulations from the same GCM, but where selected physical 
parameterizations are perturbed or where initial conditions have been slightly modified to evaluate 
variability, are included in an ensemble (Murphy et al. 2007). Less frequently, an ensemble includes 
projections derived using multiple downscaling methods.  In most cases the choice of GCM introduces 
the largest degree of uncertainty to an ensemble (e.g. Benestad 2002; Winkler et al. 2003; Wilby and 
Harris 2006). An exception is dynamic downscaling where the use of multiple GCMs and multiple RCMs 
may be required, as some authors (e.g. Déqué et al. 2007) have reported that the choice of RCM can 
introduce as much uncertainty as the choice of GCM.  A schematic illustrating the potential components 
of an ensemble of climate projections is shown in Figure 3. 

Multimodel means, or in other words the average of the individual members, are frequently used 
to summarize an ensemble of climate projections, and indeed this is the approach used by Kunkel et al. 
2012 in the NCA support documents. The motivation for this usage comes from medium range weather 
forecasting, where the ensemble mean has been shown on average to be a better prediction than the 
prediction of an individual member (Christensen et al. 2010). The most common method for producing 
the ensemble mean is to take the simple arithmetic average of all participating models.  Alternative 
methods have been proposed in which the participating models are unequally weighted (e.g., Giorgi and 
Mearns 2003). However, recent research concluded ‘we do not find compelling evidence of an improved 
description of mean climate states using performance-based weights in comparison to the use of equal 
weights’ (Christensen et al. 2010). Transferring this concept to climate projections is hindered by the 
interdependence among the ensemble members (Tebaldi and Knutti 2007). Many GCMs and RCMs share 
the same or similar numerical schemes and parameterizations, and consequently scenarios developed 
from different climate models are not independent (Fowler et al. 2007). Ensembles developed using 
different downscaling methods are also not independent if the methods are applied to the same GCM. 
Because of this interdependence, consensus among projections should not be confused with skill or 
reliability (Maraun et al. 2010). Another situation where a multimodel mean may be misleading is when 
some members of an ensemble project a positive change in a climate variable while others project a 
negative change.  In this case, the multimodel mean of the projected change can approach zero even 
though all of the ensemble members project a substantial change but of opposite sign. The near-zero 
ensemble mean may be interpreted as "no change" when an arguably more informative interpretation is 
that the nature of the change is uncertain.  Precipitation projections tend to highly uncertain and often of 
opposite sign; thus, simple multimodel means may not be very informative in considering future changes 
in precipitation.   
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Figure 3. Sources of uncertainty and possible distributions of an ensemble of projected local/regional climate 
change.  The dashed line indicates uncertainty sources that are infrequently considered. SOURCE: Winkler et al. 
2011b. [Permission needed.] 
 
“Shelf life” of climate projections 

The NCA organizers have requested that any new analyses for the assessment utilize climate 
projections developed from IPCC AR4 era GCMs.  On the other hand, the available peer-reviewed 
literature for a particular sector or region employs climate projections from older versions of GCMs in 
addition to more recent simulations. In fact, there is often a substantial lag between the release of new 
GCM simulations and the development of downscaled climate projections, and a further lag associated 
with the evaluation of the downscaled projections and their use in applications. Thus, much of the 
literature reviewed for the NCA will have employed simulations from earlier versions of GCMs. As 
pointed out by Winkler et al. (2011b), the common assumption is that once a newer version of a GCM is 
available scenarios based on the older version are obsolete. Against this view it can be argued that older 
model runs have an advantage in that they often have been extensively compared to observations. Thus 
the characteristics and limitations of older model runs are better understood than are those of newer 
models that have not been as thoroughly evaluated.  Additionally, recent guidance from the IPCC (IPCC I 
Technical Support Unit, 2010) suggests that it may be appropriate to combine GCM simulations from 
different “eras” in an ensemble. Thus, it is appropriate to integrate outcomes from assessment studies that 
used climate projections developed from older versions of GCMs with those that employed scenarios 
developed from more recent GCM simulations.    
 
 Influence of regional topography or circulation on climate  

Unique characteristics of a region need to be taken into consideration when interpreting 
local/regional climate projections.  An example for the Midwest is the Great Lakes and the surrounding 
lake-modified climates.  The Great Lakes are crudely represented in the GCMs; for example, in the 
HadCM3 model used in the IPCC Fourth Assessment Report, the lakes appear as a single water body 
(Figure 4). Consequently, simple spatial interpolation of GCM output to a finer-resolution grid or a 
location will result in climate projections that inadequately (if at all) capture the influence of the Great 
Lakes on the local climate.  Dynamic downscaling using RCMs may not fully capture the effect of the 
lakes, as many RCMs do not include a lake module, and lake temperature is crudely estimated in some 
RCMs as the average of nearshore Atlantic and Pacific temperatures.  In this situation, empirical-dynamic 
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downscaling methods and some bias correction approaches can implicitly capture, at least partially, lake 
influences although the downscaled climate variables should be carefully evaluated against observations.   

Another feature that needs to be considered when interpreting precipitation projections is that the 
western portion of the Midwest region frequently experiences a southerly low-level wind maximum 
known as the "low-level jet," especially at night during the warm season (Walters et al. 2008).  These jets 
contribute to the transport of moisture into the region, and downstream convergence can act to initiate or 
sustain convective precipitation systems that propagate across the region. The low-level jet is poorly 
represented in some GCMs and RCMs, introducing uncertainty into warm season precipitation 
projections. The propagating mesoscale convective precipitation systems induced by the jet are poorly 
represented at typical RCM grid spacings (Anderson et al. 2007) and are absent in GCMs executed at 
typical climate scales. 

 
Figure 4:  Land-sea mask for North America in the HadCM3 global climate model, one of the models used in the 
IPCC Fourth Assessment Report [Permission:  Image generated by the authoring team and not published elsewhere; 
no permission needed] 
 
 
Evaluation of Climate Projections  

Evaluation is the responsibility of both the suppliers and the users of climate projections. Here we 
summarize recent attempts to evaluate GCM projections and RCM simulations available from 
NARCCAP.  These examples were selected to illustrate evaluation techniques and strengths and 
weaknesses of climate projections.  Although evaluation examples are provided for only one downscaling 
method (i.e., dynamic downscaling), evaluation is also a necessary step for empirical-dynamic and 
aggregation downscaling. An important consideration is that the evaluation needs to be conducted in light 
of the potential application, and the climate variables included in an evaluation should reflect the key 
concerns of the application.  As an example, a recent evaluation of a empirically-dynamic downscaling 
procedure  employed a large suite of precipitation metrics selected to represent future changes in 
precipitation thresholds and extremes including, among other, wet day probability, mean dry spell length, 
wet day precipitation intensity, and the 90th percentile of wet day precipitation (Schoof et al. 2010).  
 
GCM simulations 

Several studies have provided information on GCM performance relevant to the Midwest region.  
Ruiz-Barradas and Nigam (2010) examined precipitation over North America in four GCMs (CCSM3, 
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GFDL CM2.1, HadCM3, and ECHAM5). They noted seasonal differences in regional precipitation 
biases, with the western U.S. generally being too wet in spring and the central U.S. being too wet in 
summer (except for CCSM3).  They found that interannual variability of precipitation in the Great Plains 
region (which includes the western part of the Midwest region that is our focus) was generally similar to 
observed values, though the performance of each model was not necessarily consistent across seasons.  
The models varied in their ability to capture remote influences of sea-surface temperature on Great Plains 
precipitation, with CCSM3 failing to reflect the observed correlation with central Pacific sea-surface 
temperature. McCrary and Randall (2010) examined 20th century drought over the Great Plains in three 
GCMs (CCSM3, GFDL 2.0, and HadCM3).  They found that all of the models produced excessive 
precipitation over the Great Plains.  Simulated drought for the region was comparable to observations but 
the models differed in the nature of their drought forcing.  While drought in GFDL CM2.0 and HadCM3 
corresponded with low-frequency variations in sea-surface temperature, CCSM3 showed no significant 
correlation between precipitation and tropical Pacific sea-surface temperature (which is broadly consistent 
with the findings of Ruiz-Barradas and Nigam 2010).  They suggest that drought persistence in CCSM3 
may be related to local feedbacks arising from that model's tight land-atmosphere coupling. 

In a more comprehensive study, Wehner et al. (2011) evaluated 19 models from CMIP3 focusing 
on their ability to reproduce observed temperature, precipitation, and drought incidence over North 
America as measured by the Palmer Drought Severity Index (PDSI).  Results for the North American 
domain as a whole showed that all models underpredicted the areal extent of drought. Although Wehner 
et al. (2011) did not focus specifically on the Midwest, their computations of ensemble means across all 
models show that over most of the Midwest temperature bias is slightly negative while precipitation bias 
is small.  As noted elsewhere ensemble means can hide substantial inter-model variability and the authors 
noted substantial variations in performance amongst the models.  Diagnoses of PDSI from projections 
through the 21st century following the A1B emissions scenario showed that all models produced 
increases in the frequency and severity of drought.  An interesting finding from their study is that much of 
the variability amongst the model projections, which often has been taken as a measure of uncertainty, 
results from differences in climate sensitivities amongst the models (i.e., projected temperature change for 
a given change in greenhouse gas concentrations). Variations in model projections for drought were lower 
when the models were referenced to a given temperature change rather than a given time period.  
 
NARCCAP simulations 

Evaluation of downscaled near-surface variables for a historical period can be used to assess the 
skill of the downscaling. Mearns et al. (2012) examined a variety of skill metrics for NARCCAP 
simulations of precipitation and temperature in current climate (1980-2004) using reanalysis fields as 
boundary conditions.  Consistent with other studies they found there was no single best model across all 
metrics.  There were suggestions of an advantage for regional climate models that use spectral nudging, in 
which the largest spatial scales of the boundary data are used to constrain the interior of the model domain 
as well as the boundaries.   

Evaluations using the NARCCAP suite to simulate multiple descriptors of wind climates over the 
contiguous USA (Pryor and Barthelmie 2011, Pryor and Barthelmie 2012a, Pryor et al. 2012b) suggest 
that application of the RCMs improves the simulation of wind climates during 1979-2000 relative to the 
driving reanalysis and that the RCMs exhibit some skill in depicting historical wind regimes. 
Furthermore, evaluation of 50-year return period wind speed derived from the NARCCAP output for the 
historical period (1979-2000) relative to extreme wind speed estimates computed from station observed 
daily maximum fastest mile speeds at 35 stations across the contiguous USA revealed that the RCMs 
exhibit some skill in capturing the macro-scale variability of extreme wind speeds. Simulations of intense 
and extreme wind speeds by the RCMs were found, at least to some degree, to be independent of the 
lateral boundary conditions, instead exhibiting greater dependence on the RCM architecture. Although not 
employing NARCCAP simulations, a recent analysis of dynamically-downscaled wind speeds for a 
nominal height of 10 m with the lowest model level (approx. 70 m a.g.l.) from the Rossby Center RCM 
(RCA3) run at four resolutions (ranging from 50 ! 50 km to 6 ! 6 km) found that model resolution had 
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the largest impact on wind extremes compared to central tendency (Pryor et al. 2012c).  
An understanding of the spatial differences in the performance of downscaled projections, such as 

the dynamically-downscaled NARCCAP simulations, is critical when interpreting projected future 
changes.  A recently completed comparison for the Great Lakes region of the NCEP-driven simulations 
for five of the RCMs in the NARCCAP suite to 32-km resolution temperature and precipitation values 
from the North American Reanalysis (NARR; Messinger 2006) for 1981-2000 indicates large inter-model 
differences in performance (Figure 5).  January mean temperatures from the HRM3 simulation are 
considerably warmer than NARR temperatures across the entire Great Lakes domain, whereas for the 
other RCMs the January mean temperatures are warmer than NARR only in the southwestern and/or 
western portion of the domain. In contrast, the simulated July mean temperatures are cooler than the 
NARR values across much of the domain for the ECP2, MM5I and WRFG simulations.  The CCRM and 
NARR July mean temperatures are comparable across most of the U.S. portion of the Great Lake region, 
whereas the HRCM3 mean July temperatures are warmer than NARR in the western portion of the 
domain.  For both months, large deviations in air temperature are seen over the Great Lakes.  These 
differences likely reflect error in both the RCM and NARR temperature fields.  In January, the RCMs, 
particularly ECP2, tend to overestimate mean daily precipitation compared to NARR in the northern 
portion of the Great Lakes region, whereas in July precipitation is underestimated in the southwestern 
and/or western portions of the domain (Figure 6).  
 A final example of the evaluation of NARCCAP simulations for the Midwest focuses on the 
differences in the distribution of daily maximum and minimum temperatures between the observations at 
individual stations along the eastern shore of Lake Michigan and the NCEP-driven RCM-simulated 
temperature at the nearest land gridpoint.  Additionally, GCM-driven RCM simulations for a historical 
period are compared to observed values and the simulated values from the NCEP-driven run.  For brevity, 
histograms are shown for only one location (Eau Claire, Michigan) and one RCM (WRFG).  When the 
annual distribution of daily maximum and minimum temperature is considered (top two histograms in 
Figure 7), the frequency distribution obtained from the NCEP-driven WRFG simulation follows closely 
the observed distribution.  However, when the observed distributions are compared to the frequency 
distributions for the historical simulations driven by the GCMs, larger deviations are observed, 
particularly a substantial cold bias for the CCSM-driven simulation.  Comparison by season suggests that 
this cold bias is particularly large during the winter season. These comparisons indicate that, at least for 
some applications, the daily maximum and minimum temperature simulations will need to be bias 
corrected. 
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Figure 5. Mean surface-air temperature differences between (a) CRCM, (b) ECP2, (c) HRM3, (d) MM5I, (e) 
WRFG, and NARR for January (top) and July (bottom). Please note the differences in the scales for the two months. 
SOURCE: Cinderich (2012) [Permission needed] 
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Figure 6. Differences in mean daily precipitation between (a) CRCM, (b) ECP2, (c) HRM3, (d) MM5I, and (e) 
WRFG, and NARR for January (top) and July (bottom). SOURCE: Cinderich (2012) [Permission needed] 
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Figure 7: Top row: histograms of the annual distribution of daily maximum and minimum temperature  for 1980-
2000 a) observed at Eau Claire Michigan  (red line), b) simulated by the WRFG, driven by NCEP reanalysis (green 
line), c) simulated by WRFG driven by the CCSM  GCM (blue line), and d) simulated by WRFG driven by the 
CGCM3 GCM (black line).  Bottom row: Observed and simulated values of minimum temperature for winter 
(December, January, February). SOURCE: Z. Abraham, P.-T. Tan, Perdinan, and J. Winkler (manuscript in 
preparation).    
 
 
Projected Future Climate Change for the Midwest Region 
 The discussion below describes potential future change for three primary surface climate 
variables, namely precipitation, temperature and wind.  For each variable, we attempt to summarize and 
integrate the numerous climate projections available for the Midwest region, highlighting the consistency, 
when present, and the uncertainty surrounding the projections. As already noted, available climate 
projections were developed from a range of GCMs and utilizing a wide variety of downscaling methods. 
    
Precipitation  
 The majority of previous research on future precipitation change in the Midwest has focused on 
projected changes in annual and seasonal precipitation totals and on precipitation intensity.  
  
Annual and seasonal precipitation 

The large degree of uncertainty surrounding precipitation projections for the Midwest region has 
been evident since the initial United States National Climate Assessment completed in 2000 which 
employed simulations from only two IPCC Second Assessment era GCMs (i.e.,CGCM1 and HadCM2).  
Whereas the CGCM1 scenario suggested much drier future conditions in the northwestern portion of the 
Midwest and annual increases of 20-40% elsewhere by the end of the century, the HadCM2 scenario 
projected increases in annual precipitation ranging from 20 to 70 percent across the Midwest by 2100 
(Sousounis and Albercock 2000). Similar large differences in annual precipitation by the end of the 21st 
century were found for Michigan and surrounding states based on the empirically-dynamically 
downscaled climate projections developed for the Pileus Project from four IPCC Third Assessment era 
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GCMs (CGCM2, HadCM3, ECHAM4, CCSM), However, in contrast to the earlier findings, almost all 
the downscaled climate scenarios suggested drier conditions during summer (Andresen et al. 2007).   

In support of the IPCC Fourth Assessment, 21 GCMs were utilized to simulate future conditions 
for 2080-2099 under the SRES A1B greenhouse gas emissions scenario (Christensen et al. 2007).  The 
ensemble mean suggests an increase in annual and winter (December, January February) precipitation for 
most of the Midwest region but little change or even a small decrease in summer (June, July, August) 
precipitation (Figure 8).  The number of GCMs projecting an increase versus decrease in precipitation 
provides one measure of the ensemble spread. For the Lower Peninsula of Michigan and northern Ohio, 
Indiana, and Illinois, over 90 percent of the 21 GCMs projected an increase in annual and wintertime 
precipitation by 2080-2099, and at least 67 percent of the models suggest increased precipitation 
elsewhere in the Midwest region. In contrast, approximately half of the 21 GCMs projected an increase in 
summer precipitation in the Midwest by the end of the 21st century, with the other half suggesting a 
decrease or little change, again pointing out that a near-zero ensemble mean does not necessarily reflect a 
consensus of no change. Using the same set of GCMs, Hayhoe et al. (2010) calculated region-wide 
estimates of precipitation change for the U.S. Great Lakes region under three different greenhouse gas 
emissions scenarios (A1FI, A2, B1).  Projected changes in annual precipitation ranged from -2 to +10 
percent for the mid 21st century, and by the end of the century only two of the 21 models projected a 
decrease in annual precipitation with the remaining models suggesting higher annual precipitation for the 
U.S. Great Lakes region.  
 

 
Figure 8. Temperature and precipitation changes over North America from the MMD-A1B simulations. Top row: 
Annual mean, DJF and JJA temperature change between 1980 to 1999 and 2080 to 2099, averaged over 21 models. 
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Middle row: same as top, but for fractional change in precipitation. Bottom row: number of models out of 21 that 
project increases in precipitation.  SOURCE: IPCC AR4 Working Group I. [Permission: Permission is not needed  if 
use figure caption exactly as in IPCC report and acknowledge source.] 
 

As expected, the uncertainty surrounding the precipitation projections from the IPCC Fourth 
Assessment era GCMs is also evident for the downscaled projections developed from these GCMs.  One 
example is the WICCI precipitation projections for Wisconsin that were downscaled from 14 GCMs from 
the CMIP3 archive (A1B emissions scenario) using a disaggregation method (see Table 2).  When 
displaying the ensemble means on a web resource intended for stakeholder use, the developers limited the 
displays to those seasons for which the sign of the projected changes was in agreement for the majority of 
the downscaled projections.  Under this criterion, ensemble means are displayed only for the winter 
(December, January, February) season. At all other times of the year, and for annual accumulated 
precipitation, the downscaled projections were not in agreement regarding the sign of the projected 
change.  The WICCI projections suggest an average increase in winter precipitation of +3% to +35% 
across Wisconsin by the mid-21st century. Hayhoe et al. (2010) also found considerable seasonal 
differences in the sign of the projected precipitation change for the U.S. Great Lakes region based on 
projections from three GCM simulations from the CMIP3 archive that were downscaled using an 
disaggregation method to a 1/8 degree resolution. In contrast to the WICCI projections, the scenarios 
developed by Hayhoe et al. (2010) suggest an increase in regional precipitation in spring as well as 
winter.  For both seasons, larger projected changes were found under higher greenhouse gas emissions, 
and the projected increases were greatest in the southern portion of the Great Lakes region (i.e., Illinois, 
Indiana, Ohio). 

The projections of precipitation occurrence (the number of wet days) and precipitation intensity 
(the amount of precipitation on wet days) prepared by Schoof et al. (2010) for a large number of stations 
across the United States provide some additional insights on future changes in the number of wet days 
and seasonal and annual precipitation. These projections, developed using disaggregation downscaling 
applied to simulations from 10 IPCC Fourth Assessment era (CMIP3) GCMs (see Table 2), exhibit a high 
degree of variability, but results for the Midwest suggest several general tendencies: 1) a decrease in wet 
day probability during cold season of around -5 percent and -8 percent for 2046-2065 and 2081-2100, 
respectively; 2) increased cool season (November-March) precipitation by mid and late century for over 
two-thirds of stations within the Midwest region, with the exception of the northwestern portion where 
ensemble averages suggested that cool precipitation would decrease; 3) generally a decrease in the 
number of wet days by the end of the 21st century for summer (June, July, August) but with some 
inconsistencies between GCMs and stations; and 4) an almost equal number of stations within the 
Midwest region with projected increases and decreases in warm season precipitation in the 2046-2065 
period, with the exception of the southwestern portion of the region where most stations displayed 
declining warm season precipitation. 

The projections of future precipitation change obtained from the coarse-scale output from 15 
GCMs from the CMIP3 archive and nine RCM simulations from the NARCCAP archive as described in 
the climate guidance document prepared for the National Climate Assessment (Kunkel et al. 2012) are 
generally consistent with the projections described above. The CMIP3 models projected both increases 
and decreases in precipitation for mid and late-century time periods, as did the NARCCAP dynamically-
downscaled projections. The ensemble means of annual precipitation for the nine NARCCAP simulations 
are largest (10-15% increase) in the Great lakes region, particularly northern Wisconsin and the Upper 
Peninsula of Michigan, areas where earlier studies (e.g., Christensen et al. 2007) indicate greater 
consistency in the sign of the projected change.  Consistent with the earlier results of Schoof et al. (2010), 
the ensemble mean changes were smallest (approximately 0 percent) for the southwestern corner of the 
Midwest region, an area for which GCM projections display considerable uncertainty in the sign of the 
projected change (Figure 8).  A similar but stronger southwest to northeast gradient is seen for the multi-
model mean of precipitation change for the 15 CMIP3 models, with average projected changes for the end 
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of the century ranging from an approximately a 5% decrease in the southwestern portion of the Midwest 
region to close to a 10% increase in the northern portion. 

The NCA guidance document also highlights seasonal differences in projected future changes in 
precipitation. The NARCCAP projections for summer differ from those described above in that a 
substantial decrease in precipitation is suggested by the ensemble mean in the extreme southwestern 
portion of the study area.  Ensemble mean values are close to zero across the remainder of the Midwest 
region, very likely reflecting inconsistent signs in the projected summertime precipitation among the nine 
NARCCAP RCM simulations. The largest projected changes, as indicated by the ensemble means, occur 
in winter; the multi-model average suggests a precipitation increase of greater than 10 percent over much 
of the Midwest. The spatial distribution of the NARCCAP multi-model mean change for spring and fall 
suggests a northwest to southeast gradient with projected changes in fall and spring precipitation of over 
10 percent in the northwestern portion of the Midwest and little change (again likely a reflection of 
inconsistent sign of the projection change) in the eastern and southeastern portions of the Midwest.  This 
spatial pattern had not previously been seen in downscaled projections of spring and fall precipitation 
change.      

      
Precipitation intensity 

Assuming warmer temperatures and consequent higher evaporation, available atmospheric 
moisture is likely to increase in the future, and one would expect precipitation intensity to increase as 
well.  However, projecting future precipitation intensity is challenging as the probability density function 
of daily precipitation rates needs to be well simulated in order to have confidence in the projected 
changes. This is not typically the case (see earlier discussion of evaluation of climate projections). A 
further complication that is the choice of probability density function for evaluating future changes may 
influence the interpretation.  For example, Gutowski et al. (2007) note that while a gamma distribution 
can provide a useful general description of precipitation intensity and its change under future climates, 
other approaches may be more appropriate when considering precipitation extremes.  Nevertheless, a 
small number of analyses have explicitly attempted to evaluate how precipitation intensity may change in 
the Midwest.      

The aforementioned WICCI scenarios suggest that two to three additional heavy precipitation 
events, defined as daily precipitation rate of two or more inches, can be expected per decade in Wisconsin 
by the mid-21st century. This would correspond to a 25 percent increase in the frequency of heavy 
precipitation. Kunkel et al. (2012) reported that the multi-model mean change in the number of days with 
precipitation greater than one inch from the nine NARCCAP simulations varies from little or no change 
in the southeastern and eastern portion of the Midwest region to over 30% in the northern portion of the 
region by mid century.  The percentage increases in frequency are projected to be larger for more extreme 
precipitation events (e.g., precipitation rates greater than one inch, two inches, three inches, four inches).  
More generally, Schoof et al. (2010) found, based on downscaled climate projections from ten GCMs, 
that intense precipitation events in the Midwest are likely to either continue at their current frequency or 
increase in frequency, regardless of the sign of the change in total precipitation. Furthermore, the 
magnitude of the 90th percentile precipitation rate is projected to increase by mid and late century.  They 
interpreted this finding as indicative of a positive shift in the central tendency and widening of the 
probability distribution for wet day precipitation intensities. The projected increase in frequency of heavy 
precipitation is broadly consistent with observed trends in the late 20th century as described by Groisman 
et al. (2012). They suggest that both global climate change and intensification of agricultural land use 
may have influenced this trend, and recommend experiments using regional climate models to quantify 
the relative roles of these influences. 
 
Temperature 

Below we highlight projected changes in annual and seasonal mean temperatures, commonly 
employed temperature indices (e.g., growing degree days), and temperature thresholds and extremes.  
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Annual and seasonal temperature 
 Although climate projections are in general agreement that annual and seasonal temperatures will 
increase by mid century and later, the degree of warming can differ substantially.  Starting with the 
ensemble means from the 21 GCM simulations reported in the IPCC Fourth Assessment (Christensen et 
al. 2007), annual mean temperatures over the Midwest are expected in increase by approximately 5.5°F 
(3°C) by 2080-2099 under the A1B emissions scenario (Figure 8). The ensemble means suggest a larger 
increase in summer (June, July, August), ranging from approximately 8°F (4.5°C) over the western 
portion of the Midwest and 7°F (4.0°) over the eastern, and in winter (December, January, February) a 
generally southwest to northeast gradient is observed with a mean increase of more than 6°F 
(approximately3.5°C) in the southwestern portion of the Midwest and over 9°F (5°C) in the northeast. 
Based the direct (not downscaled) analysis of the output from 21 CMIP3 GCMS, Hayhoe et al. (2010) 
report an average increase in mean annual temperature by mid century of approximately 3.5°F (2°C) 
under lower emissions and approximately 5.5°F (3°C) under high emissions, and an increase by the end 
of the century of 5.5°F (3°C)  under lower greenhouse emissions and 9°F (5°C) under higher emission. 
Kunkel et al. (2012) employed the same suite of 21 CMIP3 models, and found multi-model mean 
projected changes in annual mean temperature by the end of the 21st century ranging from approximately 
9.5°F in northwestern portion of the Midwest region to 7.5°F in the southeastern portion for the A2 
emissions scenario by the end of the century. A distinct northwest to southeast gradient in the multi-
model mean projections of the change in annual mean temperature is also observed under the B1 
emissions scenario and for a mid century time slice.     

Downscaled climate projections in general project somewhat higher changes in annual and 
seasonal mean temperature than the global model output. The WICCI climate scenarios, downscaled from 
IPCC AR4 era GCM simulations under the A1B emissions scenario and averaged across all ensemble 
members, suggest increases in annual mean temperature of 4-9°F in Wisconsin by the middle of the 
century.  The WICCI scenarios also project the largest warming to occur in northern Wisconsin and the 
least warming along Lake Michigan. Seasonal differences in the rate of warming are also seen from this 
set of climate projections.  Projected warming is least in summer (3-8°F with larger changes projected for 
northern Wisconsin), whereas the winter mean temperatures are projected to warm 5-11°F by mid 21st 
century with the largest increases found in northwestern Wisconsin. Spring and autumn mean 
temperatures in Wisconsin are projected to increase at mid century by 3-9°F and 4-10°F, respectively, 
with the largest increases in northern Wisconsin. 

 Compared to the WICCI projections, the downscaled projections developed by Hayhoe et al. 
(2010) for the U.S. Great Lakes region from three CMIP3 models suggest greater complexity in the 
seasonal variations in projected changes. For an early period defined as 2010-2039, Hayhoe et al. report 
larger projected changes in winter compared to spring and summer, but by mid century they found that 
the seasonality reversed with larger changes projected in summer compared to winter and spring. In terms 
of spatial variation, the Hayhoe et al. downscaled scenarios suggest larger increases in summer mean 
temperature in the southern portion of the region (e.g., Indiana, Illinois), whereas projected changes in 
mean winter temperature are largest in the northern portion (e.g., Wisconsin and Minnesota). Kunkel et al. 
(2012) found a similar spatial pattern in the distribution of projected temperature change by mid century 
in winter versus summer from the NARCCAP dynamically-downscaled projections for the Midwest.  
Additionally, the NARCCAP projections suggest relatively uniform projected changes in spring and 
autumn mean temperature across the Midwest by mid century.  
 
Temperature thresholds and indices  
 Although the terms are sometimes used interchangeably, we make a distinction between a 
temperature “threshold” and a temperature “extreme”.  A temperature threshold refers to the exceedance 
of a specified temperature value, selected for its relevance to a  natural or human activity or process.  In 
contrast, a temperature extreme is defined in reference of the frequency distribution of temperature and 
refers to the magnitude of the temperature values at specified probability levels (e.g., the 95th percentile).  
We confine the discussion below to temperature thresholds, as they have been the focus of most analyses 
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of climate projections for the Midwest. We also discuss in this subsection commonly-used temperature 
indices, such degree days which are a measure of heat accumulation from a specified base value.  
 Not surprisingly, the frequency of freezing (!32°F) temperatures is expected to decrease in the 
future.  The Pileus Project projections for 15 locations in Michigan and surrounding states, when 
averaged across all ensemble members, suggest that by mid century approximately 15 fewer days will 
experience minimum temperatures below freezing, whereas by the end of the century a decrease of more 
than 30 days is projected (see Climate Scenario Tool at http://www.pileus.msu.edu/tools/t_future.htm). 
Ensemble means for the NARCCAP simulations, when averaged over the entire Midwest region, suggest 
that by mid century 22 fewer days per year will report minimum temperatures below !32°F (Kunkel et al. 
2012), although spatial and inter-model variations are apparent. 
 Changes in the frequency of heat waves are of particular concern due to potential impacts on 
human health and mortality. The Pileus Project scenarios suggest for Michigan and surrounding areas that 
the number of days with temperatures "95°F, averaged across the ensemble members, will increase by 5 
days by mid century and 19 days by the end of the 21st century. For the neighboring state of Wisconsin, 
the WICCI scenarios project an average increase by mid century in the frequency of maximum 
temperatures greater than 90°F from approximately 26 days in the southern portion the state to 12 days in 
the northern portion (see web slide show of projected changes available at 
http://www.wicci.wisc.edu/climate-change.php). Multi-model means from the NARCCAP simulation 
suite point to considerable spatial variability across the Midwest region, with an approximately 25 day 
average increase in the frequency of maximum temperatures "95°F in the southern portion of the 
Midwest region and fewer than 5 days in the northern portion by mid century (Kunkel et al. 2012).  The 
NARCCAP projection (5 days) for the northern Midwest is in good agreement with the mean projected 
value from the Pileus Project scenarios for the mid century time frame.  Additional analysis of the 
NARCCAP simulations points to a potential increase in the length of heat waves in some parts of the 
Midwest.  The multi-model means suggest that the annual maximum number of consecutive days per year 
with maximum temperature  "95°F will increase by 15 days in the extreme southern portion of the 
Midwest region, although little change is expected across a broad swath of the northern Midwest. The 
downscaled scenarios developed by Hayhoe et al. (2010a,b) from three GCM simulations also suggest an 
increased risk of extreme heat waves.  By the end of the century, the frequency of heat waves similar to 
the 1995 heat wave event responsible for nearly 800 deaths in Chicago (Kunkel et al.1996) is projected to 
range from every other year ( low greenhouse gas emissions) to three times per year (high greenhouse gas 
emissions).  Furthermore, heat waves similar to the devastating European heat wave of 2003 could occur 
in the Chicago metropolitan area, with at least one such event projected before mid century and 5 to 25 
events projected to occur by the end of the century, depending on the greenhouse gas emissions (Hayhoe 
et al. 2010b).   
 In terms of temperature indices, the ensemble mean of the Pileus Project scenarios suggests that 
the median date of last spring freeze in Michigan could occur approximately a week earlier than present 
by mid century and two weeks earlier by late century, with similar changes, although toward a later date, 
in the median time of occurrence of first fall freeze.  These changes in freeze dates should lead to an 
increase in the length of the frost-free season.  The multi-model means of the NARCCAP simulations 
suggest a fairly uniform increase across the Midwest of approximately 20-25 days in the length of the 
frost-free season by midcentury (Kunkel et al. 2012).  The projected changes based on the Pileus Project 
scenarios are somewhat smaller with an increase of approximately 15 days projected for mid century and 
29 days for late century, although substantial differences are evident between the ensemble members.  
  Warmer temperatures can be expected to reduce heating requirements but increase cooling 
requirements, and the climate projections available for the Midwest region support this interpretation.  
The NARCCAP multi-model means, when averaged across the region, suggest a 15% decrease in heating 
degree days (Kunkel et al. 2012).  When viewed spatially, the greater reductions are seen in the northern 
portion of the region although the north-south gradient is relatively weak. The magnitudes of the 
projected changes in cooling degree days are anticipated to be larger than the absolute changes in heating 
degree days.  The NARCCAP multi-model means suggest a 66% increase in cooling degree days, when 
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averaged across the Midwest region.  However, a strong south to north gradient is projected with 
considerably larger increases in cooling degree days in the southern portion of the region.  The Pileus 
Project scenarios suggest a somewhat smaller increase of cooling degree days compared to the 
NARCCAP simulations.  The ensemble mean for the Pileus Project scenarios is approximately 200 
cooling degree days in the Lower Peninsula of Michigan compared to 400 CDDs in the same region 
projected by the NARCCAP simulations.    
 Finally, growing degree day (GDD) accumulations in the Midwest are projected to increase. The 
areally-averaged NARCCAP multi-model means suggest a 32% increase in base 50°F GDDs by mid 
century, whereas the Pileus Project scenarios project an average increase for Michigan of 14% for base 
41°F GDDs and 19% for base 50°F GDDs in Michigan by mid century.  Larger average increases of 33% 
and 45% are anticipated in Michigan for base 41°F GDDs and base 50°F GDDs, respectively, by the end 
of the century.   
 
Freeze Risk 

One cannot assume that warmer temperatures will bring more favorable conditions for 
plants such as perennials that currently are vulnerable to springtime freeze damage. Early spring 
warm-ups may result in greater freeze risk if plants are at a more advanced stage of development 
at the time of last spring freeze.  On the other hand, if the date of last spring freeze advances to a 
much earlier date in synchrony with plant development, spring freeze risk may not change or 
even decrease.  Considerable uncertainty exists regarding the future susceptibility of perennial 
plants in the Midwest to below freezing temperatures when preceding crop development is 
considered. Winkler et al. (2012), using a suite of climate projections for 15 locations in 
Michigan and surrounding states that were developed by applying several empirical-dynamic 
downscaling methods to four IPCC Third Assessment era GCMs, found that  approximately half 
of the scenarios project for the mid and late century little change in growing degree day 
accumulation (a measure of plant development) at the time of last spring freeze whereas the 
other half project greater crop development at the time of freezing temperatures. Similarly, an 
approximately equal number of scenarios suggested an increase versus a decrease in the median 
GDD accumulation outside the frost free period (i.e., the growing season).  
 
Apparent temperature 

In the Midwest, high summer temperatures are often accompanied by elevated near-surface humidity, 
which enhances human heat stress through reduction of evaporative cooling from the skin (ref). The 
combined effect of temperature and humidity on human heat stress is often quantified using ‘apparent 
temperature’.  While historical tendencies in air temperature over the Midwest have been of 
comparatively modest magnitude, apparent temperatures have exhibited marked increases (ref), driven in 
large part of increases in atmospheric moisture (Rogers et al. 2009). Projections for future apparent 
temperature regimes across the Midwest derived using disaggregation downscaling of 10 GCMs under 
three greenhouse gas emissions scenarios all suggest an increase in the magnitude of apparent 
temperature, with a substantial fraction of the increase deriving from increased humidity. Thus the 
probability of heat stress events is projected to increase across the Midwest in the coming decades relative 
to the historical period (Schoof 2012). 
 
Wind  

Recent analyses of RCM output from the NARCCAP suite has focused on possible climate 
change signals across a range of wind climate descriptors including the mean, 50th percentile, 90th 
percentile, 95th percentile, 20 and 50 year return period wind speeds and wind energy density (i.e., wind 
resource) (Pryor & Barthelmie 2011, Pryor et al. 2012b). Some of these analyses assessed whether there 
was consistency in the change of the different parameters in the middle of the current century versus the 
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end of the twentieth century.  The results generally display only a weak consistency on the climate change 
signal in any of the descriptors. However, approximately 22% of grid cells show a lower 90th percentile 
wind speed in all of the RCM simulations. In keeping with results of analyses that indicate the RCMs 
generally develop extreme wind climates that are to some degree independent of the lateral boundary 
conditions, extreme wind speeds are generally not characterized by a consistent change on the basis of the 
eight sets of simulations considered. Only 1% of grid cells over the contiguous USA indicate a consistent 
signal of either higher or lower values for the 20- or 50-year return period wind speed in the future.  
Changes in 50-year return period wind speeds over the Midwest from four of the NARCCAP simulations 
are shown in Figure 9. As for the entire NARCCAP domain, relatively few grid cells within any of the 
GCM-RCM combinations exhibit substantially higher or lower values for the extreme wind speed in the 
future. However, it is important to note that the wind climate exhibits large inherent variability at a range 
of time scales from minutes to decades. Analyses of a single future period of only 22 years duration 
precludes general inferences regarding trends in any aspect of the wind climate-""Earlier research over 
Europe has shown that in the near-term, inter-annual and inter-decadal variability dominates over any 
temporal trend and that, based on results of dynamical downscaling, intense and extreme winds are 
unlikely to evolve out of the historical envelope of variability until the end of the current century (Pryor et 
al. 2012a).  
 

 
Figure 9: Difference in the fifty-year return period sustained wind speed (U50yr) over the Midwestern US for 2041-
2062 vs. 1979-2000. The frames show the different AOGCM-RCM combinations. The magnitude of change is only 
shown for grid cells where the value for the future period lies beyond the 95% confidence intervals on the control 
period. Note; none of the grid cells behind the legend in frame (b) exhibited significant changes. SOURCE: Pryor 
and Barthelmie (2012b).  Permission needed. 
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Level of Confidence 
 We are in agreement that the following statements reflect the level of confidence that can be 
placed on future climate projections for the Midwest region:  

• There is no single best climate model or downscaling approach. 
• There is greater confidence in projected temperature change than precipitation change. 
• In spite of confidence in future warmer temperatures, change in freeze risk remains uncertain. 
• The degree of uncertainty surrounding precipitation change remains high.  
• There is little confidence in the sign (positive or negative) of change in mean precipitation for the 

warm season. There is somewhat greater confidence in projections of increases in the frequency 
and intensity of extreme warm season precipitation events. 

• The use of a multimodel mean of a projected change may be misleading, particularly for 
projected changes in precipitation. 

 
Concluding Remarks 
 In this whitepaper we introduced readers to key considerations when using and interpreting 
climate projections.  Furthermore, we attempted to integrate multiple climate projections for the Midwest 
region, with the stated goal of identifying consistencies across projections and also uncertainty 
surrounding projected future changes.  This evaluation led to a number of statements of confidence in 
future projections, that highlight greater uncertainty surrounding future projections of precipitation 
compared to other climate variables.   
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Table 1: Available climate change projections for the NCA Midwest region.  
Name/ 
Reference 

Coverage/Resolution
/ 
Variables/Period 

Ensemble Size   Downscaling 
Procedures    

Considerations 
when using or 
interpreting 

Availability 

CMIP3 GCM 
archive 
 
(Meehl et al. 
2007) 

• Global  
• Spatial resolution 

varies by GCM 
• archived at monthly 

time step, but finer 
time steps available 
for most models  

• over 20 GCMs 
(AR4 era) 

• 3 emissions 
scenarios (SRES 
A2, A1B, B1)  

Not downscaled • Spatially and 
temporally 
coherent 

• Climate 
variables are 
physically 
consistent 
 

• Graphical summaries 
available in IPCC AR4 
Working Group I report.  

• Time series of monthly 
precipitation and mean 
temperature available 
from the Program for 
Climate Model 
Diagnosis and 
Interpretation 
(http://www-
pcmdi.llnl.gov/ipcc/abo
ut_ipcc.php) 
 

Bias Corrected 
and 
Downscaled  
WCRP CMIP3 
Climate 
Projections 
(Maurer et al. 
2007) 
 
   

• Global 
• 1/8o lat/long 

resolution 
• Mid century and late 

century time slices 

• 16 GCMs (IPCC 
AR4 era) 

• 3 emissions 
scenarios (SRES 
A2, A1B, B1) 

Disaggregation 
(BCSD) method. 
Gridded 
temperature and 
precipitations 
observations 
were upcsaled to 
a 2° resolution 
and GCM 
projections were 
regridded to this 
resolution.  
Quantile 
mapping was 
used calculate 
change factors 
which were then 
downscaled using 

 Monthly time series 
available through Climate 
Wizard 
http://www.climatewizard
.org). and at  
http://gdo-
dcp.ucllnl.org/downscale
d_cmip3_projections 
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a simple inverse 
distance 
approach and 
applied to the 
original finely 
gridded observed 
dataset.   

TYN SC 2.0  
(Mitchell et al. 
2004) 

• Global  
• 0.5o lat x0.5o  long 
• Mean monthly cloud 

cover, DTR, 
precipitation, 
temperature, vapor 
pressure 

• 2001-2100 
 

• 5 GCMs (IPCC 
TAR era). 

•  4 emission 
scenarios (SRES 
A1FI, A2, B2, 
B1) 

Disaggregation 
downscaling. 
Spatial 
interpolation 
using thin plate 
spline scheme.   

 Available at 
http://www.cru.uea.ac.uk/
cru/data/hrg/ 
 

WorldCLIM  • Global coverage 
• ~1km resolution 
• Climatological (30 

year) mean monthly 
temperature and 
precipitation  

• 7 overlapping 30-
year periods in 21st 
century   

 

• 3 GCMs (IPCC 
TAR era) 

• 2 SRES emissions 
scenarios  

Disaggregation 
downscaling 
(spatial 
interpolation)  

• Spatially 
coherent 

Available at 
http://worldclim.org 

International 
Centre for 
Tropical 
Agriculture 
(CIAT ) 
 

• Global 
• 4 spatial resolutions 

(30 arc-seconds, 2.5 
arc-minutes, 5 arc-
minutes and 10 arc-
minutes).   

• Climatological (30 
year) mean monthly 
temperature and 
precipitation 

• IPCC AR4 
models  

Disaggregation 
downscaling 
(spatial 
interpolation) 

• Spatially 
coherent 

• Physically 
consistent 

Available at 
http://gisweb.ciat.cgiar.or
g/GCMPage/ 
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10’ Future 
Climate Grids 
(Tabor and 
Williams 2010)  

• Global  
• 10! resolution  
• Climatological (20 

year) mean monthly 
temperature and 
precipitation 

• Two time slices, 
2041–2060 and 
2081–210 

• 24 GCMs (IPCC  
AR4 era) 

• 3 emissions 
scenarios (SRES 
A1b, A2, B1) 
 

Disaggregation 
downscaling. 
GCM  
simulations are 
debiased respect 
to their mean 
differences from 
20th-century 
observations. The 
differences  are 
downscaled to 
10!  resolution 
with a spline 
interpolation and 
then added to  
mean 20th 
century 
climatologies 
from the  CRU 
CL2.0 dataset. 

• Spatially 
coherent 

• Physically 
consistent 

Available at 
http://ccr.aos.wisc.edu/res
ources/data_scripts/ipcc/i
ndex.html 
 

NARCCAP 
(Mearns et al. 
2012) 

• North America 
• ~50 km 
• 3-hourly time step 
• Multiple climate 

variables including 
temperature, 
precipitation, 
humidity and wind 

• Two time slices, 
1960-1990 and 
2040-2070 

• 9 simulations 
developed from 
combinations of 4 
GCMs (IPCC 
AR4 era) 6 RCMs 

•  SRES A2 
emissions 
scenario 

Dynamic 
downscaling 
(RCM models) 

• Physically 
consistent 
climate variables 

• Spatially and 
temporally 
coherent 

• GCM-driven 
simulations 
likely need bias 
corrections or 
further 
downscaling  

http://www.narccap.ucar.
edu/ 
 

Pileus Project 
(Winkler et al., 
2012) 

• 15 locations in the 
Great Lakes region 
of North America ; 

• Daily temperature 

• 4 GCMs (IPCC 
AR4 era) 

• 2 emissions 
scenarios (A2, 

Empirical-
dynamic 
downscaling.  
Regressions 

• Although 
transfer 
functions 
developed 

User tool available to 
view summary graphics 
for temperature scenarios 
available at 
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and precipitation 
• 2000-2099 

B2) 
• 8 empirical-

dynamic 
downscaling 
variants based on 
“perfect prog” 
approach 

equations were 
developed for 
each location that 
related large-
scale circulation 
(the predictors) to 
surface climate 
variables (the 
predictands).   

separately for 
each variable 
and location, use 
of set of spatially 
and temporally 
coherent 
predictor 
variables imparts 
some spatial and 
temporal 
coherency to the 
predictands.  

www.pileus.msu.edu  
Precipitation scenarios 
available from author 

WICCI 
 
Notaro et al. 
2011 

• Wisconsin 
• 0.1° lat x 0.1° lon 
• Daily temperature 

and precipitation 
• 1980-2055 

• 14 GCMs from 
CMIP3 archive 

• SRES A1B 
emissions 
scenario 

Disaggregation 
downscaling.  
Statistical 
relationships 
were developed 
between GCM 
fields and 
parameters of the 
probability 
density function 
for a local 
climate variable  
Statistical. The 
parameters were 
interpolated to 
fine grid, and a 
random number 
generator was 
used to obtain 
daily values. 

• Daily values are 
not spatially 
coherent.  

Maps of multi-model 
means available at  
http://www.wicci.wisc.ed
u/ 
 

Hayhoe et al 
2010 

• US Great Lakes 
region 

• 1/8 degree grid and 
individual weather 

• 3 GCMs from 
CMIP3 archive 

• SRES A1FI, B1 
emissions 

Disaggregation 
downscaling 
using 1) the 
Maurer et al. 

• Daily values are 
not spatially or 
temporally 
coherent 

Contact author.  [NOTE: 
an updated dataset for the 
entire US will soon be 
released and available via 
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stations 
• Monthly and daily 

temperature and 
precipitation 

scenarios 2007 approach to 
downscale 
monthly 
temperature and 
precipitation to a 
regular grid, and 
2) asynchronous 
quantile 
regression for 
downscaling to 
individual 
stations and daily 
resolution 

the USGS climate 
projection port] 

Schoof 2009 • 53 stations in the 
Midwest 

• Daily temperature 
• 3 time slices (1961-

2000, 2046-2065, 
2081-2100) 

• 8 GCMs (IPCC 
AR4 era) 

• A2 emissions 
scenario 

Empirical-
dynamic 
downscaling.  
Transfer 
functions were 
developed 
separately for 
each location that 
related large-
scale values of 
mid-tropospheric 
temperature and 
humidity to 
surface 
temperature 
(perfect prog 
method).  

• Although 
transfer 
functions 
developed 
separately for 
each location, 
use of spatially 
and temporally 
coherent large-
scale predictor 
variables imparts 
some spatial and 
temporal 
coherency to the 
predictands. 

Contact author. 

Schoof et al. 
2010 

• 963 stations in 
United States 

• Daily precipitation 
• 3 time slices (1961-

2000, 2046-2065, 
2081-2100) 

• 10 GCMs (IPCC 
AR4 era) 

• A2 emissions 
scenario 

Disaggregation 
downscaling. 
Statistical 
parameters of 
gamma  
distribution were 

• Daily 
precipitation 
values are not 
spatially 
coherent  

Contact author.  
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downscaled using 
first-order 
Markov chain. 

Kunkel et al. 
2012 

• Midwest 
• Multi-model 

averages of  
projected changes in 
annual and seasonal 
mean temperature 
and precipitation and 
for extremes and 
thresholds  

• NARCCAP RCM 
simulations 

• A2 and B1 
emissions 
scenarios for 
CMIP3 models; 
A2 emissions 
scenario for 
NARCCAP 
simulations 

Dynamic 
downscaling  

• Spatial and 
temporally 
coherent 

Guidance document 
prepared for the authors 
of the NCA report and 
members of the regional 
and sectoral technical 
input teams. Available 
from NCA. 
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#$%#&!'()*!+,!#$$-!./0123/!&4#4%!5/+*!+*!(!6(710!8/(,39!+,!./9!'()*!(:(+;(<;9!'20+,3!./9!*=0+,3!>10!>+9;'!
?10@%!5/909!+*!(,!+,809(*9'!0+*@!>10!<1./!>+9;'!?10@!(,'!*1+;!901*+1,!<98(2*9!1>!./9*9!*/+>.*!+,!
=098+=+.(.+1,%!5/909!/(*!<99,!;+..;9!(..9,.+1,!'+098.9'!.1?(0'!./9!?10@(<;9!'()*!+,!./9!>(;;!'20+,3!
/(0:9*.!=90+1'*!(,'!./9!=1.9,.+(;!+6=(8.!1,!30(+,A!>02+.A!10!<900)!B2(;+.)%!C6=(8.*!1>!+,809(*9'!
=098+=+.(.+1,!(,'!+,.9,*9!9:9,.*!(09!(**18+(.9'!?+./!+,809(*9'!901*+1,!(,'!?(.90!B2(;+.)!+6=(8.*!
D,2.0+9,.*!(,'!=9*.+8+'9*E%!!C.!+*!9F=98.9'!./(.!./9*9!+6=(8.*!?+;;!+,809(*9!?+./!+,809(*9'!*=0+,3!
=098+=+.(.+1,!<98(2*9!1>!./9!;(8@!1>!3012,'!81:90!?+./!:939.(.+1,%!!

G(.90!B2(;+.)!+6=(8.*!09;(.+:9!.1!(!8/(,3+,3!8;+6(.9!/(:9!,1.!<99,!+,:9*.+3(.9'H!/1?9:90A!./9*9!
+6=(8.*!(09!09;(.9'!.1!*1+;!?(.90!9F89**9*%!I/+>.*!+,!=098+=+.(.+1,!=(..90,*!.1!6109!*=0+,3!=098+=+.(.+1,!
812=;9'!?+./!6109!+,.9,*9!*.106*!809(.9*!./9!=1.9,.+(;!>10!+,809(*9'!?(.90!B2(;+.)!D*9'+69,.A!,+.0(.9JKA!
(,'!=/1*=/102*E%!C,!(,!(,(;)*+*!1>!./9!L(8811,!L+:90!?(.90*/9'!+,!C1?(A!M289)!(,'!N11;*<)!D#$$OE!
1<*90:9'!,+.0(.9JK!81,89,.0(.+1,*!?909!09;(.9'!.1!*.09(6>;1?!+,!./9!0+:90%!P(.>+9;'!9.!(;%!D&44$E!*/1?9'!
./(.!(,,2(;!:(0+(.+1,*!+,!,+.0(.9JK!;1('*!(09!09;(.9'!.1!./9!(,,2(;!=098+=+.(.+1,!(612,.*!<98(2*9!./9!
012.9!1>!61:969,.!+,.1!./9!0+:90!?(*!./0123/!;9(8/+,3!./0123/!*2<*20>(89!'0(+,*!(*!./9!=0+6(0)!=(./!
+,.1!./9!*.09(6!(,'!0+:90!,9.?10@%!5/9!Q+'?9*.!+*!(,!9F.9,*+:9;)!*2<*20>(89!'0(+,9'!(09(!(,'!./9*9!
'0(+,*!?12;'!8(00)!,+.0(.9JK!>016!./9!>+9;'*!(,'!(801**!./9!Q+'?9*.!?+./!./9!82009,.!801==+,3!=(..90,*!
?/+8/!'1!,1.!/(:9!(612,.!1>!?(.90!2*9!'20+,3!./9!9(0;)!*=0+,3!DP(.>+9;'!9.!(;%A!&44$E%!C,809(*9'!
+,.9,*+.)!1>!*=0+,3!=098+=+.(.+1,!/(*!./9!=1.9,.+(;!>10!+,809(*9'!*20>(89!02,1>>!(,'!901*+1,!+,!./9!*=0+,3!
(801**!./9!Q+'?9*.%!R1.9,.+(;!+,809(*9*!+,!*1+;!901*+1,!?+./!./9!+,809(*9*!+,!0(+,>(;;!+,.9,*+.)!*/1?!./(.!
02,1>>!(,'!*9'+69,.!61:969,.!>016!(30+82;.20(;!;(,'*8(=9*!?+;;!+,809(*9!DK9(0+,3A!&44#E%!G(.90!
61:969,.!>016!./9!;(,'*8(=9!?+;;!.0(,*=10.!*9'+69,.!(,'!,2.0+9,.*!+,.1!,9(0<)!?(.90!<1'+9*!(,'!
>20./90!+,809(*9*!+,!901*+1,!9:9,.*!8(,!<9!9F=98.9'!.1!'+6+,+*/!?(.90!B2(;+.)%!!
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1>!./9!8;+6(.9!8/(,39!+6=(8.*!1,!?99'*A!+,*98.*A!(,'!'+*9(*9*%!5/+*!/(*!,1.!<99,!9F.9,*+:9;)!9:(;2(.9'!
(801**!./9!Q+'?9*.!(,'!=09*9,.*!(!=1.9,.+(;!0+*@!.1!=01'28.+1,%!!I+3,+>+8(,.!9>>98.*!1,!=01'28.+1,!6()!
09*2;.!>016!?99'!=09**209!8(2*9'!<)!(!=1*+.+:9!09*=1,*9!1>!?99'*!.1!+,809(*+,3!ST&!DU+*@(A!&444H!&44O!
(H!&44O<H!U+*@(!9.!(;%A!#$$$H!U+*@(!9.!(;%A!&44-E%!5/9!9>>98.*!1>!ST&!1,!+,809(*+,3!?99'!301?./!6()!;9('!.1!
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S;+6(.9!*.09**9*!1,!;+:9*.18@!+,!./9!Q+'?9*.!+*!'9809(*9'!<98(2*9!61*.!1>!./9!*=98+9*!(09!301?,!+,!
81,>+,9'!=01'28.+1,!>(8+;+.+9*!?/909!./909!+*!81,.01;!1>!./9!.96=90(.209!(,'!/26+'+.)!(,'!./9!(,+6(;*!
(09!,1.!9F=1*9'!.1!./9!,(.20(;!9,:+01,69,.%!C,!./9*9!*)*.96*A!./909!6()!<9!(!309(.90!9>>10.!'+098.9'!
.1?(0'!9,903)!9>>+8+9,8)!+,!./9*9!>(8+;+.+9*!(,'!6(,(3969,.!.1!9,*209!(!;+6+.9'!9F=1*209!.1!9F.0969!
81,'+.+1,*!'20+,3!.0(,*=10.!1>!(,+6(;*!.1!=0189**+,3!>(8+;+.+9*%!W(+0)!8(..;9!(09!1>.9,!301?,!+,!2,81,>+,9'!
>(8+;+.+9*H!/1?9:90A!*/9;.90!+*!=01:+'9'!>10!./9*9!(,+6(;*!>016!*9:909!?9(./90!9:9,.*%!C,809(*9*!+,!
.96=90(.209!(,'!/26+'+.)!188200+,3!(,'!=01798.9'!.1!81,.+,29!.1!18820!2,'90!8;+6(.9!8/(,39!?+;;!
+6=1*9!(!*+3,+>+8(,.!+6=(8.!1,!=01'28.+1,!1>!./9!'+>>909,.!*=98+9*!*/1?,!+,!5(<;9!#%!!XF=1*209!1>!
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$%!&!'()*&(!+,&(-.!/&012!,3&4'-+!14!,(15&%-!&/-!-60-,%-2!%)!(-&2!%)!14,/-&+-+!14!-6%14,%1)4!/1+7!&,/)++!&((!
%80-+!)9!(19-!9)/5+.!&42!%)!/-2:,%1)4+!14!%3-!&*1(1%8!)9!4&%:/&(!+8+%-5+!%)!0/);12-!7-8!+-/;1,-+!:0)4!<31,3!
3:5&4!+),1-%1-+!2-0-42!=>3)5&+!-%!&(?!#@@A.!B1-(2!-%!&(?!#@@C.!D/))7!-%!&(?!#@@".!E&,(-&4!&42!F1(+)4!
#@GG.!D-((&/2!-%!&(?!#@G#H?!!>3-!/&%-!&%!<31,3!,3&4'-+!14!%-50-/&%:/-!&42!)%3-/!,(15&%-!9&,%)/+!&/-!
),,://14'!14!%3-!E12<-+%!+:''-+%+!%3&%!5&48.!19!4)%!5)+%.!<1(2!+0-,1-+!&42!4&%:/&(!+8+%-5+!<1((!
-60-/1-4,-!,(15&%-!,3&4'-!&+!&!5&I)/!+%/-++)/?!!J17-!)%3-/!/-'1)4+!&%!5)2-/&%-!%)!31'3!(&%1%:2-+.!,(15&%-!
,3&4'-!0/)I-,%1)4+!9)/!%3-!E12<-+%!/-'1)4!&/-!+)5-<3&%!31'3-/!%3&4!0/)I-,%1)4+!9)/!%3-!'()*&(!&;-/&'-?!!
>31+!/-'1)4!1+!&(+)!K:1%-!9(&%.!+:''-+%14'!%3&%!&((!*:%!%3-!5)+%!31'3(8!5)*1(-!+0-,1-+!&/-!:4(17-(8!%)!*-!&*(-!
%)!5);-!9&+%!-4):'3!%)!L%/&,7M!0/-9-//-2!,(15&%1,!,)421%1)4+.!-+0-,1&((8!'1;-4!%3&%!14!5&48!&/-&+.!5:,3!
)9!%3-!(&42!3&+!*--4!,)4;-/%-2!%)!&'/1,:(%:/-!)/!:/*&4N+:*:/*&4!(&42!:+-+?!!B)/!5&48!+0-,1-+.!14,(:214'!
+)5-!%3&%!&/-!&*(-!%)!+3)<!9(-61*(-!/-+0)4+-+!<1%314!&!(151%-2!/&4'-!)9!%-50-/&%:/-!14,/-&+-+.!'-4-%1,!
,3&4'-+!&/-!(17-(8!%)!),,:/!%))!+()<(8!9)/!4&%:/&(!+-(-,%1)4!%)!7--0!0&,-!<1%3!%3-!/&012!<&/514'!14!%3-!
-4;1/)45-4%?!!$+!+0-,1-+!L9&((!*-3142M!14!%-/5+!)9!&2&0%14'!%)!,3&4'14'!,)421%1)4+.!<-!&/-!31'3(8!(17-(8!
%)!+--!5)/-!-6&50(-+!)9!/-2:,%1)4+!14!91%4-++.!0)0:(&%1)4!2-,(14-+.!&42!-;-4%:&(!-6%14,%1)4+!=O&/5-+&4!
#@@P.!B)2-4!-%!&(?!#@@"H?!!Q4!&221%1)4.!+0-,1-+!%3&%!&/-!&*(-!%)!&2&0%!K:1,7(8!%)!4-<!,)421%1)4+!5&8!0:%!
&221%1)4&(!0/-++:/-+!=-?'?.!&+!,)50-%1%)/+.!0/-2&%)/+.!)/!0&/&+1%-+H!)4!%3)+-!%3&%!&/-!4)%!&*(-!%)!5);-!)/!
&2&0%.!9:/%3-/!&,,-(-/&%14'!%3-!0/),-++!)9!+0-,1-+!()++!=O&/5-+&4!#@@P.!D/))7!-%!&(?!#@@"H?!

>3-!31'3!2-'/--!%)!<31,3!%-//-+%/1&(!&42!&K:&%1,!+8+%-5+!14!%3-!E12<-+%!/-'1)4!3&;-!*--4!
&(%-/-2!*8!3:5&4!&,%1)4+!5&7-+!1%!,(-&/!%3&%!&+!<-!9/&5-!):/!:42-/+%&4214'!)9!<3&%!+0-,1-+!&42!
-,)+8+%-5!+-/;1,-+!&/-!&%!/1+7.!<-!4--2!%)!%3147!*-8)42!%3-!)*+-/;-2!/-+0)4+-+!)9!4&%:/&(!+8+%-5+?!!!
R1;-4!%3-!,://-4%!()<!0/)0)/%1)4!)9!4&%:/&(!(&42!,);-/!14!%3-!+):%3-/4!0&/%!)9!%3-!E12<-+%!/-'1)4.!%3-!
2)514&4,-!)9!4)4S4&%1;-!14;&+1;-!+0-,1-+!14!):/!&K:&%1,!+8+%-5+.!&42!150&,%+!9/)5!0)((:%1)4!&42!
*&//1-/+!%)!5);-5-4%.!+0-,1-+!()+%!9/)5!4&%:/&(!&/-&+!5&8!)4(8!/&/-(8!*-!/-0(&,-2!<1%3!L4&%1;-M!+0-,1-+!
5);14'!4)/%3?!!>3:+.!%3):'3!%3-!+0-,1-+!&42!+8+%-5+!)9!%3-!E12<-+%!/-'1)4!5&8!4)%!+%&42!):%!&+!*-14'!
31'3(8!;:(4-/&*(-!%)!,(15&%-!,3&4'-!<3-4!,)50&/-2!%)!+0-,1-+!%3/-&%-4-2!*8!()++!)9!0)(&/!1,-!,);-/.!)/!
()++!)9!3&*1%&%!2:-!%)!+-&!(-;-(!/1+-.!%3-!()4'S%-/5!;1&*1(1%8!)9!):/!+0-,1-+!&42!+8+%-5+!5&8!*-!&%!31'3!
/-(&%1;-!/1+7!2:-!%)!,(15&%-S2/1;-4!-43&4,-5-4%!)9!-61+%14'!+%/-++)/+!T!%3-!+&5-!+%/-++)/+!%3&%!3&;-!
*--4!%3-!9),:+!)9!2-,&2-+!)9!,)4+-/;&%1)4!&42!5&4&'-5-4%!-99)/%+?!!!

!
+)",)"-*(.)/0#1*)/20(#3*#%*321()13*0"&*343#1/*31"3)#)5)#)13*

U*+-/;-2!,3&4'-+.!&()4'!<1%3!-,)()'1,&(!%3-)/8.!&(()<!:+!%)!2-;-()0!L/:(-+!)9!%3:5*M!9)/!3)<!+0-,1-+!
&/-!(17-(8!%)!/-+0)42!%)!%3-!5)+%!21/-,%!&+0-,%+!)9!,(15&%-!,3&4'-!=-?'?.!,3&4'-+!14!&1/!)/!<&%-/!
%-50-/&%:/-H?!!Q4!&221%1)4.!-60-/15-4%&(!+%:21-+!&42!0/-21,%1;-!5)2-(+!5&8!0/);12-!,(:-+!&+!%)!3)<!
+-;-/&(!,(15&%-!9&,%)/+!=%-50-/&%:/-.!0/-,101%&%1)4!0&%%-/4+H!5&8!14%-/&,%.!&42!<-!,&4!<-&;-!%3-+-!
%))(+!%)'-%3-/!<1%3!)*+-/;&%1)4+!9/)5!*)%3!,://-4%!&42!0&+%!,(15&%-!,3&4'-+!%)!150/);-!):/!
:42-/+%&4214'!)9!;:(4-/&*1(1%8!=V&<+)4!-%!&(?!#@GGH?!!W)<-;-/.!-;-4!<3-4!:+14'!&!/&4'-!)9!&;&1(&*(-!
%))(+.!1%!1+!150)/%&4%!%)!/-,)'41X-!%3&%!*-,&:+-!5&48!,(15&%-!9&,%)/+.!3&*1%&%!9&,%)/+!&42!-,)()'1,&(!
0/),-++-+.!&42!14%-/&,%14'!+0-,1-+!&/-!)9%-4!,3&4'14'!+15:(%&4-):+(8.!+0-,1-+!&42!+8+%-5+!5&8!+3)<!
;-/8!,)50(-6!/-+0)4+-+.!5&714'!1%!3&/2!%)!,&%-')/1X-!/-(&%1;-!/1+7?!!!$++-++14'!%3-!/-(&%1;-!;:(4-/&*1(1%8!)9!
+0-,1-+!*-,)5-!-;-4!5)/-!:4,-/%&14!<3-4!<-!%/8!%)!0:%!,(15&%-!,3&4'-S/-(&%-2!/1+7+!14!%3-!,)4%-6%!)9!
&((!)9!%3-!)%3-/!+%/-++)/+!%3&%!<1(2!+0-,1-+!&42!-,)+8+%-5+!,://-4%(8!9&,-.!+:,3!&+!3&*1%&%!()++.!14;&+1)4!
*8!4)4S4&%1;-!+0-,1-+.!,3&4'-+!14!382/)()'8.!&42!0)((:%1)4Y!&42!,3&4'-+!%3-8!<1((!9&,-!14!%3-!9:%:/-.!
14,(:214'!&,%1)4+!%3&%!+),1-%1-+!%&7-!14!/-+0)4+-!%)!,3&4'-+!14!,(15&%-?!!!E&48!/-+-&/,3-/+!2-+,/1*-!
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$%&'()*!$+(,-*!(.!*/($*01()&,-!$200*,)!)+0*().!3*4-45!60778!*)!(%4!9::";5!(!07%*!)+()!&.!%&8*%<!)7!&,$0*(.*!&,!
&'=70)(,$*!(,>!$7'=%*/&)<!(.!)+*!0()*!7?!$+(,-*!$7,)&,2*.!)7!($$*%*0()*4!
! @,>*0.)(,>&,-!+7A!$%&'()*!$+(,-*!A&%%!&'=($)!.=*$&*.5!.<.)*'.5!(,>!*$7%7-&$(%!.*0B&$*.!&.!
?20)+*0!$7'=%&$()*>!1<!)+*!?($)!)+()!.*B*0(%!(.=*$).!7?!$%&'()*!$+(,-*!&,B7%B*!?**>1($8!%77=.5!70!$(,!
&'=($)!.=*$&*.!)+072-+!'2%)&=%*!=()+A(<.4!C70!*/('=%*5!A()*0!)*'=*0()20*.!7?!)+*!2==*0!D0*()!E(8*.!
3F&$+&-(,5!G207,5!(,>!H2=*0&70;!(0*!.+7A&,-!.2''*0!)*'=*0()20*!&,$0*(.*.!)+()!*/$**>!0*-&7,(%!
)*'=*0()20*!&,$0*(.*.!7,!%(,>5!&,!=(0)!>2*!)7!=7.&)&B*!?**>1($8.!7,!)+*!A(0'&,-!0()*!>2*!)7!0*>2$)&7,.!
&,!&$*!$7B*04!!H=*$&?&$(%%<5!&$*!0*?%*$).!*,*0-<!?07'!)+*!.2,5!(,>!&,.2%()*.!)+*!A()*0!?07'!)+*!A(0'&,-!(&05!
12)!'*%).!'70*!I2&$8%<!A+*,!)+*!(&0!&.!A(0'*05!(,>!)+&.!%7..!7?!&$*!$7B*0!($$*%*0()*.!)+*!0()*!7?!.20?($*!
A()*0!A(0'&,-!3J2.)&,!(,>!K7%'(,!9::L5!9::"M!N71&*.O!(,>!E*.)*0!9::P;4!!Q(0'*0!A()*0.!$(,!.)0*..!
.=*$&*.!1*$(2.*!)+*!&,$0*(.*!&,!)*'=*0()20*!0*>2$*.!)+*!7/<-*,!+7%>&,-!$(=($&)<!7?!A()*05!(,>!1*$(2.*!
()!+&-+*0!)*'=*0()20*.5!)+*!0*.=&0()&7,!0()*!7?!70-(,&.'.5!A+&$+!>*)*0'&,*.!+7A!'2$+!7/<-*,!&.!
,**>*>5!&.!+&-+*04!!R+*.*!&,$0*(.*.!&,!)*'=*0()20*!(0*!)0&--*0&,-!(!A+7%*!0(,-*!7?!.<.)*'SA&>*!&'=($).5!
&,$%2>&,-!&,$0*(.*.!&,!A&,>!(,>!$200*,)!.=**>.5!(,>!&,$0*(.*.!&,!)+*!>20()&7,!7?!)+*!.)0()&?&*>!=*0&7>!
3J2.)&,!(,>!K7%*'(,!9::L!T!9::"M!N*.(&!*)!(%4!9::PM!N71&*.O!(,>!E*.)*0!9::P;4!!U0*>&$)&,-!*$7%7-&$(%!
0*.=7,.*.!)7!0(=&>!$+(,-*.!A72%>!1*!$+(%%*,-&,-!2,>*0!(,<!$&0$2'.)(,$*.5!12)!)+*!?($)!)+()!?77>!A*1.!
(,>!)+*!?%7A!7?!*,*0-<!&,!D0*()!E(8*.!.<.)*'.!(0*!$7,)&,2(%%<!.+&?)&,-!(.!0*.2%)!7?!+2'(,S?($&%&)()*>!
&,B(.&7,.!1<!*/7)&$!.=*$&*.!3V(,>*0!W(,>*,!*)!(%4!9:X:;5!'(8*.!2,>*0.)(,>&,-!$+(,-*.!&,!)+*.*!$0&)&$(%!
.<.)*'.!(!=(0)&$2%(0!$+(%%*,-*4!!!!!
! J.!A&)+!$+(,-*.!&,!)*'=*0()20*5!)+*0*!&.!%&))%*!>721)!)+()!$+(,-*.!&,!=0*$&=&)()&7,!+(B*!-0*()!
=7)*,)&(%!)7!&'=($)!.=*$&*.5!.<.)*'.5!(,>!*$7.<.)*'!.*0B&$*.4!!G7A*B*05!()!)+&.!)&'*5!&)!&.!'2$+!+(0>*0!
)7!'(8*!)+*!$(.*!)+()!$+(,-*.!&,!(B*0(-*!=0*$&=&)()&7,5!70!.*(.7,(%!=())*0,.!7?!=0*$&=&)()&7,5!)+()!+(B*!
1**,5!70!'(<!1*!71.*0B*>!(0*!$7,.&.)*,)!A&)+!A+()!&.!*/=*$)*>!>2*!)7!$%&'()*!$+(,-*4!!R+&.!&.!1*$(2.*!
%7,-S)*0'!=())*0,.!7?!=0*$&=&)()&7,!($07..!.=($*!+(B*!)*,>*>!)7!1*!'70*!B(0&(1%*!)+(,!)*'=*0()20*5!
(,>!(0*!(..7$&()*>!A&)+!'(,<!.+70)!(,>!%7,-!)*0'!$<$%*.4!!Y,!7)+*0!A70>.5!A+&%*!A*!8,7A!)+()!)77!'2$+!
70!)77!%&))%*!0(&,!$(,!%*(>!)7!'70)(%&)<!70!0*>2$*>!?&),*..5!&)!&.!7?)*,!+(0>!)7!>*)*$)!(!$%&'()*!$+(,-*!
.&-,(%!A&)+&,!)+*!Z,7&.*[!7?!+&.)70&$!B(0&()&7,5!(,>!)+2.!())0&12)*!71.*0B*>!$+(,-*.!&,!.=*$&*.!)+()!'(<!
0*.2%)!?07'!=0*$&=&)()&7,!$+(,-*.!)7!$%&'()*!$+(,-*!(.!(!8*<!>0&B*04!!H&'&%(0%<5!=07\*$)&7,.!?70!
=0*$&=&)()&7,!('72,)!(,>!.*(.7,(%!=())*0,.!)*,>!)7!B(0<!.)07,-%<!($07..!)+*!.2&)*!7?!D*,*0(%!K&0$2%()&7,!
F7>*%.!2.*>!)7!*B(%2()*!=7..&1%*!?2)20*!$7,>&)&7,.4!!Q&)+!0*.=*$)!)7!*/)0*'*!=0*$&=&)()&7,!*B*,).!0()+*0!
)+(,!'*(,!B(%2*.5!+7A*B*05!)+*0*!&.!-*,*0(%!(-0**'*,)!)+()!)+*!?0*I2*,$<!7?!*/)0*'*!0(&,!*B*,).!
3&,)*,.*!.)70'.;!A&%%!&,$0*(.*5!*.=*$&(%%<!&,!)+*!A&,)*0!(,>!.=0&,-4!!R0*,>.!7B*0!)+*!%(.)!]:!<*(0.!?70!)+*!
2==*0!F&>A*.)!.2--*.)!(172)!(!#:!=*0$*,)!&,$0*(.*!&,!)+*!('72,)!7?!0(&,!)+()!?(%%.!&,!)+*!)7=!X!=*0$*,)!
7?!ZB*0<!+*(B<[!=0*$&=&)()&7,!*B*,).5!(,>!)+&.!&'=($)!&.!*/=*$)*>!)7!&,$0*(.*!>2*!)7!)+*!?($)!)+()!A(0'*0!
(&0!$(,!+7%>!'70*!A()*0!3KKHU!9::P5!1(.*>!7,!2=>()*.!)7!D07&.'(,!*)!(%4!9::^5!!"#$%&'$(")*+;4!!K%&'()*!
$+(,-*!=07\*$)&7,.!?70!)+*!F&>A*.)!.2--*.)!$7,)&,2*>!&,$0*(.*.!&,!)+*!?0*I2*,$<!7?!>(<.!A&)+!.)70'!
*B*,).!A&)+!-0*()*0!)+(,!X!&,$+!7?!=0*$&=&)()&7,5!A&)+!+&-+*.)!&,$0*(.*.!.2--*.)*>!?70!)+*!?0*I2*,$<!7?!
)+*!+&-+*.)!B7%2'*!.)70'.!3_2,8*%!9:XX;4!!!
! Q+*,!$7,.&>*0&,-!+7A!)7!0(,8!B2%,*0(1&%&)&*.5!(,>!0*.=7,>!)7!$%&'()*!$+(,-*!&,!)+*!F&>A*.)!
(,>!D0*()!E(8*.!0*-&7,5!&)!&.!=(0)&$2%(0%<!&'=70)(,)!)7!2,>*0.)(,>!)+*!&,)*0($)&7,!1*)A**,!$%&'()*!
$+(,-*!(,>!$+(,-*.!&,!%(,>!$7B*04!!E(,>!$7B*0!=%(<.!(!B*0<!&'=70)(,)!07%*!&,!>*)*0'&,&,-!)+*!A()*0!(,>!
*,*0-<!1(%(,$*!7?!(!.<.)*'5!&,!)+()!B*-*)()&7,!$7B*0!.%7A.!A()*0!>7A,5!0*'7B*.!A()*0!?07'!)+*!.<.)*'!
)+072-+!*B(=7)0(,.=&0()&7,5!(,>!&,?%2*,$*.!%7$(%!)*'=*0()20*!>2*!)7!B(0&()&7,.!&,!(%1*>7!30*?%*$)(,$*;!
(,>!1<!.+(>&,-!)+*!-072,>!.20?($*4!!Q+*,!B*-*)()&7,!&.!0*'7B*>5!70!.+7A.!(!'(\70!$+(,-*!&,!
$7'=7.&)&7,!70!.)02$)20*5!.2$+!(.!A+*,!?70*.)!&.!$7,B*0)*>!)7!(-0&$2%)20*5!(%%!7?!)+*.*!0*%()&7,.+&=.!+(B*!
)+*!=7)*,)&(%!)7!$+(,-*!&,!A(<.!)+()!&,$0*(.*!02,S7??5!(,>!=07'7)*!?%77>&,-!3F(7!(,>!K+*08(2*0!9::P5!
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'.8*1%4!/.18%2)!23%+(%2!FE,,(&(*2!G%3.1)-%&)!*'!H.)51.,!I%2*51+%2!@A"AJ:!!K.>!23%+(%2!.1%!.,2*!)/%!
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!
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%3*(),6!(*>2)*.4!!J2)26,(!%&!-&,.%,6!@6877.:!%3*!(*08-%2&/!&(!6&..!&7!+2/%*(!2-*!-&1*(!08(2/>!%3*!+2/%*(!
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.-*/,(2&.4!M&(!,66!&7!%3*.*!.-*/,(2&.:!%3*!'39.2-,6!2/%*>(2%9!&7!%3*!;(*,%!<,=*.!+266!@*!)&0272*0!&(!,6%*(*0!
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@*%+**/!-62),%*!.%(*..&(.!),9!@*!,002%21*!,/0!-,8.*!8/7&(*.**/!*/12(&/)*/%,6!&(!.&-2&*-&/&)2-!
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2/-(*,.2/>!%3*!8/-*(%,2/%9!,..&-2,%*0!+2%3!%3*!6&/>I%*()!'(*02-%2&/!&7!-&,.%,6!),(>2/!2)',-%.4!
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53*(),6!?*>2)*!
J%&()!Q,%%*(/.!

<&+!P,%*(!<*1*6.!
J%(&/>!53*(),6!
J%(,%272-,%2&/!

R2>3!P2/%*(IJ'(2/>!
Q(*-2'2%,%2&/:!CR2>3!
S8%(2*/%!<&,0.!

<&+!T2..&61*0!UN9>*/:!
<,=*!V(2*!T*,0!W&/*!

J%&()!Q,%%*(/.!
P,%*(!<*1*6!?*>2)*!
53*(),6!?*>2)*!

X/-(*,.*0!P,1*!Q&+*(!
CJ%&().F!

R2>3!P,%*(!<*1*6.!
?*08-*0!X-*!Y&1*(:!
S&!+2/%*(!X-*!
Q(&%*-%2&/!

J3&(*!,/0!L*,-3!
V(&.2&/!C,66!.*,.&/.F!

53*(),6!?*>2)*!
J%&()!Q,%%*(/.!

R2>3!J8(7,-*!P,%*(!
5*)'*(,%8(*.!

R2>3!P2/%*(IJ'(2/>!
Q(*-2'2%,%2&/:!CR2>3!
S8%(2*/%!<&,0.F!
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L68*I;(**/!H6>,6!
L6&&).:!!K2-(&-9.%2/!
L6&&).!2/!/*,(.3&(*!
+,%*(.!
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!
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Key messages 
 
Both climate change and climate change policy are intrinsically important to the energy sector.  Climate 
change policies adopted by the states are already affecting planning and investment decisions as utilities 
respond to new policy requirements and anticipate eventual federal greenhouse gas and other climate and 
air regulations.  The movement away from fossil fuels to renewable but intermittent resources, such as wind 
and solar, has significant implications for the tradeoffs among goals of clean, reliable, and affordable 
energy and the respective institutions and agencies responsible for achieving those goals.  The Midwest 
region may be advantaged in terms of relative climate change impacts by its northern latitude and relatively 
abundant water resources.   
 
 
1.  INTRODUCTION 
 
Both climate change and climate change policy are intrinsically important to the energy sector.  The sector 
bears considerable, yet not exclusive, responsibility for climate change associated with greenhouse gas 
(GHG) emissions from fossil-fuel-based production facilities, namely electric power plants.  Activity within 
the energy sector can thus be understood in the context of both problem and solution, where the sector’s 
heavy reliance on fossil fuels makes the sector a target of remedial policies at both the state and federal 
level.  Consequently, the pattern of response and adaptation within the sector may be driven as much by 
climate change policy as by actual and anticipated climate change. 
 
This review, drawing from both the academic and applied literature, focuses on climate and climate change 
policy with respect to both the supply-side (production) and the demand-side (consumption) of the sector. 
 Federal and state policy developments are summarized.  A number of emerging and critical policy issues 
are also considered.   
 
While climate change will affect the energy sector, the effects of climate change policy are more immediate 
and potentially more far-reaching.  Climate change considerations permeate modern energy policy, along 
with concerns about energy security, resource renewability, and economic development.  Energy providers 
are subject to increasingly stringent environmental regulations that require significant investment in 
emissions reduction, alternative energy resources, transmission facilities, and grid modernization. 
 Simultaneously, aging infrastructure and emerging capacity requirements are adding to cost pressures. 
 Efficiency gains from standards, conservation programs, and load-management tools will help offset some 
costs.  Even so, utility ratepayers can be expected to bear the cumulative burden of infrastructure 
investments and environmental mandates as the controversy over costs and their allocation is inevitable. 
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Structure and Regulation of the Energy Sector 
 
Public utility companies that provide energy services comprise a significant share of the U.S. economy in 
terms of gross domestic product and employment (Beecher, 2012c) .  Utility expenditures also constitute a 
significant share of household expenditures.  Over the last decade, the average percentage change in 
Consumer Price Index for electricity was approximately 4%, although this rate of change is less than the 
change for the entire index (Beecher, 2012b). 
 
Publicly and privately owned utilities are subject to federal and state environmental regulation under the 
Federal Clean Air Act (CAA) overseen by the U.S. Environmental Protection Agency (EPA) and also 
implemented through state environmental agencies. Each state also maintains a public service commission 
that oversees the economic regulation of utilities.  
 
Most energy utilities are privately owned and subject to economic regulation by the Federal Energy 
Regulatory Commission (FERC) and state public utility commissions.  Over the last two decades, energy 
markets have been substantially restructured, which, in turn, affects how they are regulated.  The natural 
gas industry was first to be restructured in the 1980s to deregulate wellhead production and separate it 
from interstate pipeline transmission and local distribution.  The electricity industry has been only partially 
restructured and oversight varies by state (U.S. Energy Information Administration, 2010).  In Illinois and 
Ohio, regulatory responsibility is divided across generation, transmission, and distribution functions; in 
Michigan, transmission was separated but generation and distribution remain under integrated companies. 
 Utilities remain vertically integrated in other Midwest states (Indiana, Iowa, Minnesota, Missouri, and 
Wisconsin).  Both federal authority for interstate wholesale power markets and restructuring have the effect 
of limiting state jurisdiction for the sector to intrastate markets and retail distribution.    
 
Much federal regulation focuses on wholesale operations while retail oversight belongs to the states.  The 
prices and profits of vertically integrated and distribution utilities are regulated because they are organized 
as state-sanctioned monopolies.  Various technical and economic characteristics distinguish utilities from 
other enterprises and contribute to their monopolistic character.  Economic regulation is designed to 
prevent abuse of monopoly power while balancing the interests of utility investors and ratepayers. 
 Regulators review the prudence of utility investments and expenditures in a quasi-judicial process prior to 
their inclusion in rates.  Rate-making, or the determination and allocation of a utility’s revenue 
requirements, is controversial, particularly in the contemporary context of rising costs. 
 
In addition to environmental and economic regulation, energy utilities are subject to considerable financial 
regulation (by the Securities and Exchange Commission), accounting rules (by the Federal Accounting 
Standards Board), and reliability standards (by the North American Electric Reliability Corporation).  Bulk 
power transmission for various regions is managed by independent system operators such as MISO 
(Midwest) and PJM (Pennsylvania New Jersey Maryland), which impose planning and operational 
requirements on market participants.  As a result of extensive oversight, the sector is considered relatively 
accountable and transparent.    
 
 
Energy Profile for the Midwest 
 
The Midwest region is home to numerous powerplants (Exhibit 1) and continues to rely heavily on coal for 
generating electricity (Exhibit 2).  The power production fleet is aging and much of the recent capital 
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investment has been in peaking facilities as compared to baseload capacity.  Between 2000 and 2010, a 
small shift can be detected toward natural gas and wind energy, attributable to favorable natural gas prices 
and support for renewable energy development.  Among states in the region, Illinois is highest in both 
production and sales of electricity (Exhibit 3). 
 
Growth in retail electricity sales in the Midwest began to slow prior to the recent recession (Exhibit 4).  
Trends in population and economic activity, as well efficiency gains, are likely related and will continue to 
shape demand (Exhibit 4).  Recessionary influences on energy demand are apparent.  Higher prices, 
particularly for peak periods of usage, have and will continue to influence demand and its timing.  Electricity 
prices in the region are comparable or below the national average (Exhibit 5), reflecting the cost of 
infrastructure, resources, and, increasingly, environmental mandates.  
 
 
 
 
 
 
 

 
Exhibit 1.  Electricity power plants in the United States and Midwest region. 
Source: Ceres (2010). 
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Exhibit 2.  Fuel mix for power production in the Midwest region 
Source: Authors’ construct from EIA, “Electricity” (2010). 
 
 

 
Exhibit 3.  Power generation and retail sales in the Midwest region. 
Source: Authors’ construct from EIA, “Electricity” (2010). 
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Exhibit 4.  Trends in retail electricity sales in the Midwest region. 
Source: Authors’ construct from EIA, “Electricity” (2010). 
 

 
Exhibit 5.  Average retail price of electricity in the Midwest region. 
Source: Authors’ construct from EIA, “Electricity” (2010). 
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2. IMPACTS ON THE ENERGY SECTOR 
 
The impacts of climate change and climate change policy on the energy sector can be organized into 
demand-side and supply-side issues, as represented in the typology in Exhibit 6.  The demand side 
considers effects on how and when energy is used by consumers.  The supply side considers effects on 
the production of energy as well as its transmission and distribution.  Demand and supply are dynamic and 
intersecting, so changes in one will affect the other. 
 
Like other markets, many of the impacts described here, and the evidence that support those changes, are 
not unique or confined to the Midwest region.  While the effects of climate change are already being felt, 
they may be more gradual than some of the more immediate effects of climate policy. 
 
 
 
 
 
Exhibit 6.  Typology of Climate Change Impacts on the Energy Sector 
 Climate change Climate change policy 

Demand-
side 
issues 

- Changes to energy usage patterns 
(heating and cooling) 
- Health effects of heat and cold (including 
death) due to access and affordability 
- Peaking demand due to extreme 
weather events 
- Changing energy needs of other sectors, 
including water supply 

- Demand-management mandates 
(standards, programs) 
- Load-management practices (shifting 
load to off-peak periods) 
- Energy needs of electric vehicles  
- Higher utility prices and price elasticity 
effects on demand 

Supply-
side 
issues 

- Renewable energy availability (wind, 
solar, hydro, etc.) 
- Water availability and shift to power plant 
thermal cooling alternatives 
- Potential supply disruptions (reliability) 
- Stress on physical infrastructure from 
variable and extreme weather 
- Impact of variable demand on utility 
revenues and risks 

- Changes to fuel portfolio of utilities  
- Fuel switching from coal to natural gas 
- Investment in alternative energy 
supplies, transmission facilities, energy 
storage, grid modernization, and back-up 
capacity 
- Environmental impacts of renewable 
energy development (land, aesthetics) 
- Effect of variable resources on reliability 
- Complex energy supply markets 
- Higher energy and water utility costs  

Source:  Authors’ construct. 
 
 
 
 



!

!(&$
 

 
Climate Change and Energy Demand  
 
The influence of climate change on energy usage is relatively well understood, at least in terms of 
consumer response to changes in weather (Cline, 1992; Smith and Tirpak, 1989).  Energy is used for 
heating and cooling to maintain safety, comfort, and lifestyle.  Individuals with the means to adapt to more 
extreme weather are likely to utilize technologies to these ends; individuals without the means may suffer 
adverse health effects.  Warmer weather will induce more cooling (generally from electricity) while cooler 
weather will induce more heating (generally from natural gas, fuel oil, or propane) (see Gotham, et al., 
2012).  Increased cooling needs would increase summer-peaking electricity loads based not only on 
temperature but also on humidity levels. If climate change increases the duration and frequency of heat 
waves, as has been suggested, then electrical demands are likely to rise during summer periods (Hayhoe, 
et al., 2010).   
 
In terms of energy demand, climate change may correlate with both overall trends in total usage and usage 
variability, as seen in patterns of average and peak demand.  Changes in consumer demand are, in fact, 
well known by utilities, which routinely must “adapt” operations and management to weather variation and 
use “heating-degree days” and “cooling-degree days” for modeling and forecasting purposes.  Climate 
change is expected to accentuate existing weather-related seasonal demand variability.  The most vexing 
implication is that increased energy demand, particularly peak demand, would result in increased emissions 
if fossil fuels remain the primary fuel source for supply. 
  
Analysts have applied different methodologies to model consumer response to changes in climate (see 
Mansur et al., 2008, Sailor and Munoz 1997; Rosenberg and Crosson, 1991) and considerable regional 
variation is recognized (Sailor 2001). Several of these studies have focused on California or the United 
States in general (see Baxter and Calandri, 1992; Franco and Sanstad, 2008; Aroonruengsawat and 
Auffhammer, 2009), although a few speak specifically to the Midwest region.  As noted, models of 
consumer electricity demand in the context of climate change should consider not just temperature but 
humidity.   A combined heat index that considers temperature and humidity is the best indicator for human 
(residential) demand for electricity (Gotham, et al., 2012).     
 
Regional latitude is likely relevant to assessing climate change’s effect on energy usage.  An early study 
(Rosenberg and Crosson, 1991) focused on Missouri, Iowa, Nebraska, and Kansas and suggested that 
climate change would lead to a small increase in consumer demand for energy.  Another study, however, 
suggested that Midwestern states may actually experience a drop in energy demand (Hadley, et al. (n.d.). 
The West North Central zone (including Minnesota, Iowa, and Missouri) and the East North Central zone 
(including Wisconsin, Illinois, Michigan, Indiana, and Ohio) could experience more cooling demand in the 
summer but less heating demand in the winter.  At the aggregate level, energy usage was predicted to 
decline up until 2014 but rise thereafter.   Rosenthal and Gruenspecht (1995) also anticipated a drop in 
energy demand, estimating that a 1 degree Celsius increase in temperature could also translate to 
substantial energy savings.  
 
Forecasting energy demand has become particularly challenging given a host of exogenous influences, 
including economic and technological factors that could alter consumer behavior beyond climate change 
alone.  Hekkenberg, et al. (2009) asserted that future energy demand may be underestimated by existing 
models because it is influenced not just by weather but also by socioeconomic trends. Fluctuations in 
annual income, unemployment rates, and other demographic influences may not be appropriately 
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accounted for in existing models.  Going forward, prices will also affect demand, both intrinsically and by 
design.  While demand for utility services is relatively price inelastic, it is not perfectly so; in other words, 
price response can be expected and modeled. 
 
Many new technologies associated with grid modernization are aimed directly at peak-demand 
management (that is, load shifting) in order to mitigate these effects. Some “smart grid” technologies 
essentially add two-way, real-time communications capabilities.  With “smart meters,” customers can 
receive detailed information about home energy usage and costs (Giordano, 2012). Utilities can also adopt 
dynamic pricing for load-management purposes, although long-term efficacy must be studied.  Perhaps 
more importantly, smart technologies can enable automation that does not rely on significant alterations 
either to consumer behavior or lifestyle.  Although benefits to utilities are well known, much is yet to be 
learned about the benefits of smart technologies to utility customers and society relative to costs.  
Consumer acceptance remains a considerable challenge. 
 
In addition, the effects of climate change on other sectors may change their patterns of demand, which, in 
turn, will affect the energy sector.  For example, the water sector is highly energy intensive and changes in 
water demand could have positive or negative effects on the energy sector.  
 
 
Climate Change and Energy Supply 
 
Because electricity is an “on-demand” service and supply and demand must be balanced on a real-time 
basis, changes to demand have a direct and immediate bearing on supply.  As noted earlier, climate 
change potentially affects consumer demand for electricity, which, in turn, will have direct impacts on 
energy supply over time.  In effect, climate change policy is already exerting a significant influence on 
energy supply portfolios and the delivery infrastructure, particularly for electricity.  If energy demand grows, 
so will production capacity needs.  In the Midwest region, increased demand associated with climate 
change could potentially exceed 10 GW, which would require more than $6 billion in infrastructure 
investments (Gotham, et al., 2012). 
 
Extreme weather associated with climate change, such as stronger, more frequent hurricanes, tornadoes, 
floods, and droughts, would place further burdens on the supply of electricity.  Major weather events are 
directly related to power disruptions and outages, with damage to utility and customer equipment alike, in 
addition to economic opportunity costs.  Loss of power is a life-threatening event and more people die of 
extreme heat than any other weather event (DOC, NOAA).  Recovery can be costly, labor-intensive, and 
time-consuming and may raise significant liabilities.  As such, the loss of power, or power reliability, has 
dire economic consequences.  The cost of recovery is generally passed along to all utility customers, and 
the increased cost of planning for, mitigating the effects of, and recovering from catastrophe can 
exacerbate affordability concerns. 
 
Climate-induced weather variation can stress infrastructure and add to the cost of initial investment as well 
as system operation and maintenance (Gotham, et al., 2012).  Low temperatures can increase icing on 
overhead power lines and nearby trees.  High temperatures cause metal to expand, increasing power-line 
sag; lack of wind worsens the problem as it prevents natural cooling of the distribution infrastructure. 
 Excessive sag (beyond design specifications) can bring lines into contact with vegetation or even cause an 
arc to form within the line.  Additional investment by utilities may be needed in power line monitoring 
(including robotic sensors), preemptive vegetation management, and even underground relocation of power 
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lines. 
 
Climate change also influences the performance of generation equipment (Gotham, et al., 2012; Al-Ohaly, 
2003).  Higher temperatures result in decreased efficiency in combustion turbines that are primarily used to 
generate electricity in the Midwest regions. Normally, the combustion of fossil fuels produces steam, which, 
in turn, moves the turbines used to generate electricity.  Higher ambient temperatures lower the density of 
the air flowing within the system.  Thus, it takes both more fuel to generate energy and more generating 
capacity to meet demand.  In the Midwest, approximately 95% of the electrical generating infrastructure is 
susceptible to decreased efficiency due to ambient temperature change. As long as generators rely on 
steam to produce electricity, these vulnerabilities will persist (Gotham, et al.,2012).   
 
The water-energy nexus is also important in terms of energy supply.  The water industry depends on 
energy and the energy industry depends on water.  Home to the Great Lakes, the Midwest enjoys relatively 
plentiful water resources.  The region is also home to numerous power plants at significant scale (Exhibit 
6).  Thermoelectric power generation accounts for about half of total water withdrawals in the U.S., more 
than any other discrete function (USGS, 2009).  In 2007, droughts in the Southeast jeopardized power plant 
operations due to their reliance on water for both steam and cooling (Manuel, 2008).  Although the Midwest 
is not highly dependent on hydropower (Exhibit 6), fluctuations in flows will directly affect supply availability 
from that source (Rosenberg and Crosson, 1991).  The use of pumped storage for energy adds to 
aggregate demand on water resources.  For conventional resources, additional water storage or non-water 
cooling technologies may be needed.  Climate change may also affect the availability and intermittency of 
renewable energy, including wind and photovoltaic sources.  A significant consequence is the need for 
backup capacity to ensure reliability and resilience (see Prescott and Van Kotten, 2009).   
 
In sum, climate change has the potential to affect power production, as well as distribution, with 
implications for reliability and cost.  However, these effects are relatively well known to the sector, and both 
mitigative and adaptive strategies are being planned and deployed, in some cases in accordance with 
policy mandates (see Neumann, 2009). 
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Exhibit 6.  Generation of Hydropower in the Midwest 

State Conventional 
Hydro MWh 

Total MWh Total 
Renewables 
MWh 

Hydro 
as a % 
of total 

Hydro as a 
% of 
renewable 

Powered 
& Non-
powered 
Dams 

Illinois 136,380 193,864,357 3,666,132 0.10% 3.70% 1,504 

Indiana 503,470 116,670,280 2,209,306 0.40% 22.80% 1,142 

Iowa 971,165 51,860,063 8,559,766 1.90% 11.30% 3,374 

Michigan 1,371,926 101,202,605 3,995,111 1.40% 34.30% 927 

Minnesota 809,088 52,491,849 7,545,745 1.50% 10.70% 1,021 

Missouri 1,816,693 88,354,272 2,391,498 2.10% 76% 5,099 

Ohio 527,746 136,090,225 1,161,156 0.40% 45.50% 1,577 

Wisconsin 1,393,988 59,959,060 3,734,283 2.30% 37.30% 1,163 

Source:  National Hydopower Association. 
http://hydro.org/why-hydro/available/hydro-in-the-states/midwest/ 
 
 
 
 
Climate Change Policy 
 
Most climate policy action in the United States has been implemented at the state or local level, in the 
absence of comprehensive federal policy (see Cohen and Miller, 2012).  The federal government has 
focused much attention on subsidizing the development of clean energy sources, along with research and 
education in such areas as energy efficiency and “smart grid” applications.  Federal regulators have 
promoted investment in and modernization of the high-voltage transmission grid, in part to accommodate 
power generation from renewable resources.   
 
Not surprisingly, a considerable amount of state and regional climate change policy targets the energy 
sector with the goal of reducing emissions, particularly carbon.  The considerable activity in the realm of 
climate change policy is already shaping demand and supply in the energy sector.  States in the Midwest 
have joined states across the nation in adopting both climate action and energy sector policies toward this 
end as well as in anticipation of regional or national policies (Exhibit 7).   
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Exhibit 7.  Climate and Energy Policy Activities in the Midwest Region 

 IL IN IA MI MN MO OH WI 

Climate action         

Greenhouse gas 
emissions targets 

Yes   Yes Yes    

Emissions cap for 
electricity 

Yes        

Climate action plans Yes  Yes Yes Yes Yes  Yes 

Climate comms. & adv. 
groups 

Yes  Yes Yes Yes   Yes 

Regional initiatives Yes(1) Yes(2) Yes(1) Yes(1) Yes(1) Yes(3) Yes(1) Yes(1) 

GHG climate registry Yes  Yes(4) Yes Yes Yes Yes Yes(4) 

State adaptation plans 
 

  Yes Yes Yes(5)   Yes 

Energy sector         

Public benefit funds Yes(RE)   Yes(RE) Yes(R)   Yes(RE) 

Renewable or alt. 
energy portfolio stds. 
 

Yes Yes Yes Yes Yes Yes Yes Yes 

Net metering programs Yes Yes Yes Yes Yes Yes Yes Yes 

Green pricing programs Yes    Yes    

Decoupling policies Yes(G) Yes(G)      Yes(EG) 

Renewable energy 
credit tracking systems 
(Midwest renewable 
energy tracking system) 

Yes  Yes  Yes   Yes 

Energy efficiency 
resource standards 

Yes(EG) Yes(E) Yes(EG) Yes(EG) Yes(EG)  Yes(E) Yes(EG) 

Financial Incentives for 
CCS 

Yes Yes   Yes    

(1) Midwest GHG Reduction Accord & Platform; (2) MGGRA Observer & Midwest Platform; (3) Midwest 
Platform; (4) Mandatory reporting also required; (5) In progress; (E) Electricity, (G) Gas, (EG) Electricity 
and Gas; (RE) Renewable energy and efficiency; (R) Renewable energy. 
 
Source:  Center for Climate and Energy Solutions 
http://www.c2es.org/what_s_being_done/in_the_states/state_action_maps.cfm 
 
 
Demand-side policies for the sector are focused on reducing energy load through end-use efficiency (load 
reduction) as well as shifting load to off-peak periods for more efficient utilization of power plant capacity 
(thus avoiding the need for extra capacity to meet peak demand).  Price plays a critical role in cost recovery 
as well as an incentive-based tool of demand management.  Real-time prices and demand-response 
programs take advantage of price elasticity to encourage load shifting by consumers.  Demand-side 
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programs are designed to accelerate deployment of efficiency practices in areas such as heating, cooling, 
and lighting. 
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Climate change policy looks to the supply side with the intention of shifting away from reliance on 
greenhouse gas-emitting fossil fuels and toward clean and renewable energy alternatives.  Leading policies 
include state-level renewable portfolio standards (RPS), with various specifications and timetables, which in 
many respects are an alternative to carbon taxes or markets (also known as cap and trade).  These 
changes will affect resource and labor markets as well as land-management practices.  For example, wind 
and biomass siting and development have significant implications for the agricultural sector.  The effects of 
renewable energy development are likely to vary across and within states, depending on resource 
availability, land and water characteristics, economic profile, and state and local policies. 
 
Much policy attention has also focused on utility incentives and compensation for developing cleaner 
generation options and promoting energy efficiency.  Carbon capture and storage solutions or “clean coal” 
have received some attention although significant technical challenges remain (see Graus, et al., 2011).  
Net metering laws allow consumers to sell excess power produced by renewable technologies back to the 
power company.  Grid modernization and “smart” technologies (including smart meters) are regarded as 
enabling supply-side resource integration as well as demand management.   Any large-scale use of 
electricity or natural gas for transportation will have a significant impact on energy markets. 
 
 
Future Considerations & Issues  
 
A perennial issue in the energy sector concerns the true cost of electricity.  Direct and indirect subsidies, 
and environmental externalities, distort prices.  When true costs are not accurately reflected in price, 
production and consumption are inefficient.  In the past, traditional fossil fuels enjoyed preferential policies’ 
renewable resources are similarly advantaged today.   To many economists, putting a price on carbon via a 
tradable market or tax would promote more efficient choices among competing technologies for lowering 
greenhouse gas emissions (see Parry and Williams, 2010; Burtraw, 2011).    
 
Without a level playing field or preferential policy treatment, development of alternative energy might be 
cost prohibitive.  Many resource alternatives raise significant technical challenges in terms of supply chains, 
intermittent availability, and the lack of cost-effective means of energy storage.  Long-distance transmission 
needs and costs are also significant, particularly for wind energy (Yang, 2009).  Some have argued, 
however, for development of lower-velocity local resources (Hoppock and Patino-Echeverri, 2010).  The 
potential for high costs and lower reliability looms large, with significant economic and social implications, 
particularly affordability of an essential service (see Berger, 2009).  The accurate comparison of resource 
alternatives requires a total life-cycle cost analysis.  The regressive nature of utility prices argues further for 
awareness of the distributional consequences on households and attention to rate design (Beecher, 
2012a). 
 
Utility infrastructure is especially capital intensive and long-lasting.  Changing the resource mix and 
operational profile is a formidable proposition, particularly given sunk costs and underlying concerns about 
meeting service obligations.  Utilities also have a tradition of long-term capacity planning and their planning 
processes are already incorporating adaptive strategies, in part due to policy mandates.  Utility investors 
and managers are not necessarily averse to responsible climate change policy, but it is widely understood 
that they prefer a context of more regulatory certainty to less, particularly with regard to cost recovery.  
Many have argued for policy and regulatory reforms, including special financial incentives for utilities. But 
the central role of economic regulation is the assurance of prudent compliance with policy mandates and 
the fair allocation of risks and costs among utilities and their customers.   



!

!#($
 

 
As for all sectors, while some degree of skepticism remains about the causes and consequences of climate 
change for the energy sector, a fair amount of consensus exists in the community about the relevance of 
climate change.  Despite a large amount of attention and research, the sector suffers from limited evidence 
and contradictory speculation with regard to potential impacts and their extent.  Logically, if not empirically, 
larger changes in climate are likely to present larger challenges and consequences.  
 
The Midwest region will experience climate change and climate change policy in ways similar to the rest of 
the country.  The region may be advantaged by its northern latitude and relatively abundant water 
resources.  The challenge may still be considerable but, in theory, it should be more manageable than in 
regions facing more stressful conditions.  Regardless of climate change, climate change policy, along with 
related energy policy mandates, will likely have an indelible impact on the provision and cost of essential 
energy services.  Energy utilities are already anticipating and adapting, in part to manage regulatory 
uncertainties.  The generational challenge of climate change policy will be to strike a workable balance 
among the goals of clean, reliable, and affordable energy. 
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HEALTH 

Jonathan Patz 

Introduction 

Many human diseases are sensitive to climate fluctuations, including those that occur in the 

Midwest US. More direct pathways through which climate change can adversely affect health 

include: heat-related morbidity and mortality; flooding and storms with associated trauma and 

mental health concerns; air pollution, especially from ground-level ozone, particular matter (PM) 

and potentially from aeroallergens (e.g., pollen and molds); and infectious diseases, particularly 

those that are water- or vector-borne. Land use changes happening alongside climate change can 

make human health problems worse. For instance, the ‘urban heat island effect’ could make 

future heat waves more severe for city-dwellers.  

 

Downscaled global climate models for our region indicating that the most likely types of climate 

change will be: (a) reductions in extreme cold; (b) increases in extreme heat; (c) increases in 

extremely heavy precipitation events; (d) greater precipitation during winter and even more so 

during spring; and (e) warming in every month/season (Vavrus and Van Dorn 2009). 

 

We can only assess future health risks to the extent that climate/health mechanisms are 

understood and quantitative health models are available.  Some health issues in the region may 

benefit from climate change, such as a reduction in cold-related deaths.  But, on balance, a 

review of the literature suggests that the adverse health ramifications outweigh potential health 

benefits.  Of course, in addition to future climate projections, varying scenarios of future 
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demographic and economic trends adds uncertainty for assessing human population 

vulnerability. 

 

 

Current Climate Sensitivities and Projected Risks for the Great Lakes Region 

 Heat Waves      

Heat waves are a well known cause of mortality. For example, the 1995 Upper Midwest heat 

wave resulted in 700 deaths in Chicago (Semenza et al. 1996). During the same heat wave, 91 

deaths and 95 paramedic emergency medical service (EMS) runs in Milwaukee were attributed 

to heat.  

 

Currently for the US, mortality increases nearly 4% during heat waves compared with non-heat 

wave days (Anderson and Bell, 2010). Risk of death increased 2.5% for every 1°F increase in 

heat wave intensity and 0.4% for every 1-day increase in heat wave duration. Mortality increased 

5.0% during the first heat wave of the summer versus 2.7% during later heat waves, compared 

with non-heat wave days. Heat wave mortality impacts are more pronounced in the Northeast 

and Midwest regions compared with the South (Anderson and Bell, 2010). 

 

According to Peng et al (2010), under three different climate change scenarios for the period 

2081–2100 (in the absence of adaptation) the city of Chicago could experience between 166 and 

2,217 excess deaths per year attributable to heat waves, based on estimates from seven global 

climate models. The authors noted considerable variability in the projections of annual heat wave 
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mortality; the largest source of variation was the choice of climate model (Peng et al 2010).  

Regarding morbidity, analysis of heat wave admissions to hospitals in the city of Milwaukee 

found an increase in admissions for endocrine, genitourinary, and respiratory disorders, as well 

as self inflicted injuries such as from suicide attempts (Figure 1). (Li et al, 2011). 

 

 Air Pollution Risks    

Air Quality and Respiratory Disease 

Estimates of the impact of global climate change processes on the formation of ozone air 

pollution have been conducted for Chicago, IL.  Projected meteorological changes alone are 

expected to increase ground-level ozone by an average of 6.2 ppb (under low-growth scenarios) 

to 17.0 ppb (under high growth scenarios) in the summer months by the end of the current 

century, translating into an associated three-fold (low-growth) to eight-fold (high growth) 

increase in the number of exceedances of the current 84 ppb National Ambient Air Quality 

Standards (NAAQS) for ozone (figure 2) (Holloway et al. 2008).  

Aeroallergens 

Higher levels of carbon dioxide promote growth and reproduction by many plants, including 

those that produce allergens. For example, ragweed plants experimentally exposed to high levels 

of carbon dioxide can increase their pollen production several-fold, perhaps part of the reason for 

rising ragweed pollen levels in recent decades (Ziska and Caulfield, 2000; Wayne et al., 2002).  

In a recent nationwide study, significant increase in the length of the ragweed pollen season was 

found to have increased be as much as 13–27 days at latitudes above !44°N since 1995  (Ziska et 

al. 2010). 
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 Waterborne Disease 

Heavy precipitation events have been implicated in outbreaks from waterborne pathogens 

in the United States and follow a distinct seasonality and spatial clustering pattern in key 

watersheds (Curriero, Patz et al. 2001).  Certain watersheds, by virtue of the land use patterns 

and the presence of human and animal fecal contaminants, are at higher risk of surface water 

contamination after heavy rains, and this has serious implications for drinking water purity. 

Intense rainfall can also contaminate recreational waters and increase the risk of human illness 

(Schuster, Ellis, Robertson et al. 2005) through higher bacterial counts.  This association is 

strongest on the beaches closest to rivers (Dwight, Semenza, Baker and Olson, 2002). 

 

The northeast and Great lakes regions contain many older cities that have combined sewer 

systems –which handle both sewage and stormwater together in large underground pipes).  When 

these systems become inundated with rainwater following heavy precipitation they can overflow 

into receiving waters, presenting a health risk from contaminated surface water. The EPA 

estimates that there are more than 3 trillion liters of un-treated combined sewage released 

annually (US EPA 2004).  Most water resource managers and civil engineers in urban areas 

acknowledge unrecognized sewage contamination as a serious problem, but have no idea of the 

magnitude or the dynamics of how contamination occurs.  

 

The frequency and intensity of heavy precipitation already have been increasing and account for 



!

!%*$
 

a rising percentage of total precipitation in the Midwest region (Ebi 2008). These events have 

increased in frequency by as much as 100% (Kunkel 2003). Heavy rainfall has been associated 

with water-borne disease outbreaks – most notably the 1993 Cryptosporidium outbreak in 

Milwaukee WI, exposing an estimated 405,000 people and causing 54 fatalities (Curriero, Patz et 

al. 2001).  

 

For the Great Lakes region of the US, contamination events typically occur when daily rainfall 

levels exceed a threshold approximating 2 to 2.5 inches (Hayhoe et al, 2007; McLellan et al, 

2007).  Given that heavy rainfalls are expressions of climate, there is heightened concern as to 

how this type of event may change in a warmer future climate.  

 

Precipitation intensity (total precipitation divided by the number of wet days) is projected to 

increase almost everywhere, particularly in middle and high latitudes where mean precipitation is 

also expected to increase (Tebaldi, 2006). Most of the Great Lakes region is projected to 

experience a rise in mean and intense precipitation events (IPCC, 2007; Diffenbaugh et al, 2005).   

 

 

Analysis of downscaled Global Climate Models (GCM) predict with high certainty that 

climate change will lead to increases in heavy precipitation with greater winter and spring 

precipitation for the state of Wisconsin (Vavrus and Van Dorn 2009). Overall, the models project 

that these extremely heavy precipitation events will become 10 to 40% stronger in southern 

Wisconsin, resulting in greater potential for flooding and water-borne diseases that often 

accompany high discharge into Lake Michigan (Figure 3) (Patz et al, 2008).   
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The combination of future thermal and hydrological changes may affect the usability of 

recreational beaches.  Chicago beach closures are dependent on the magnitude of recent (<24-

hour) precipitation, lake temperature, and lake stage (Olyphant and Whitman, 2004).  Projected 

increases in heavy rainfall, warmer lake waters, and lowered lake levels (Kunkel et al, 2007) 

would all be expected to enhance beach contamination in the future.  Although more intense 

rainfalls would seem to contradict the projection of lower lake levels, the latter expectation stems 

from a large anticipated increase in evaporation at the lake surface (which can offset the 

precipitation gain) and a higher proportion of future precipitation falling as heavy events, even if 

the total precipitation amount does not rise.  

 

 Vectorborne Infectious Diseases 

  Diseases carried by insects are sensitive to climate fluctuations such as Saint Louis encephalitis 

(SLE) and West Nile virus. West Nile virus (WNV) emerged for the first time in the North 

America in July 1999.  While international travel is suspected as the cause of this event, the 

unseasonable heatwave that year (as well as in subsequent hot summers in the Midwest and West 

during peak years of 2002 & 2003 subsequently) raises the question of weather’s possible effect 

on WNV disease ecology and transmission. An outbreak of West Nile encephalomyelitis in 

horses in the Midwest of the US peaked with high temperatures, and significantly dropped 

following decreasing ambient temperatures, suggesting a temperature effect (Ward, 2004).  Bird 

migratory pathways and WNVs recent march westward across the US and Canada are key 

factors as well, and must be considered in future assessment of temperature’s role in disease 

dynamics.    
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Lyme Disease 

Lyme disease is the most prevalent zoonotic disease in the North America for which there is new 

evidence of an association with temperature (Ogden et al. 2004).  Two main foci of disease occur 

in the Mid-Atlantic region and in western Wisconsin along the Mississippi valley.  In the field 

maximum, minimum, and mean temperatures as well as vapor pressure significantly contribute 

to the abundance this tick, Ixodes scapularis, in the US. Also, an average monthly minimum 

temperature threshold above –7°C is required for tick survival (Brownstein, 2003).  

 

 

Current Adaptive Capacity 

 

Heat waves 

Air conditioning is one adaptation to heat waves, and increasing trends in air conditioning 

market saturation and may substantially offset direct risks of more frequent heat waves (Sailor 

and Pavlova, 2003). However, use will increase the demand for electrical power and subsequent 

production of pollution and greenhouse gases – potentially an unsustainable adaptation, unless 

demand for electricity can by generated by renewable sources (e.g, wind and solar). 

 

Heat response plans and heat early warning systems (EWS) can save lives. For example, in the 

wake of the 1995 heat wave, the city of Milwaukee initiated an “extreme heat conditions plan” 

that almost halved heat-related morbidity and mortality (Weisskopf et al. 2002).  As for EWS, 

currently, over two-dozen cities worldwide have a “synoptic-based” weather watch-warning 
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system, which focuses monitoring on dangerous air masses (Sheridan and Kalkstein, 2004). 

However, variability in predictability between cities suggests that systems must be location 

specific, requiring the input of considerable amounts of health-related and meteorological data 

for each locale at considerable costs.  

 

Health Co-benefits of GHG Mitigation 

 Energy  

A recent study by Shindell et al. (2012)  addressed tropospheric ozone and black carbon (BC) 

contribution to both degraded air quality and global warming. The authors identified 14 best 

interventions targeting methane and BC emissions that reduce projected global mean warming 

~0.5°C by 2050.  The resulting “co-benefit” was the avoidance of 0.7 to 4.7 million annual 

premature deaths from outdoor air pollution and increases annual crop yields by 30 to 135 

million metric tons due to ozone reductions in 2030 and beyond.  The valuation was dominated 

by health effects from reduced BC in the air.  While this study was global in nature, the findings 

apply to any location with coal-fired power plants, the most substantial contributor to black 

carbon particulates. 

 

Transportation  

Case study: Co-Benefits of Alternative Transportation Futures from improving air quality 

and physical fitness 

The transportation sector produces one-third of U.S. greenhouse gas emissions.  Automobile 
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exhaust contributes not only to GHGs but also contains precursors to fine particulate matter 

(PM2.5) and ozone (O3), posing public health risks. Adopting a greener transportation system 

with fewer automobiles, therefore, could have immediate health “co-benefits” via improved air 

quality.  Grabow et al. (2012) modeled census tract-level mobile emissions for two comparative 

scenarios: current baseline versus a green scenario where automobile trips shorter than five miles 

round-trip would be removed for the 11 largest metropolitan areas in the Midwestern U.S.  These 

relatively short car trips comprised approximately 20% of vehicle miles traveled for the region 

Across the upper Midwest study region of approximately 31.3 million people and 37,000 total 

square miles, mortality would decline by nearly 575 deaths per year (95% CI: 912, 1,636) from 

the benefit of improved air quality. Health benefits would also accrue in rural settings as well, 

with 25% air quality-related health benefits to populations outside metropolitan areas. 

An active transport scenario was then added, with the assumption that 50% of the short trips (<5 

miles) could by achieved by bicycle during the four months of most favorable weather conditions 

in the region.  This theoretical maximum level of biking was selected because some locations in 

Europe have achieved this amount of bicycle commuting, and there already exists an observed 

trend of increasing bicycle share across all of the 11 midwestern metropolitan areas (US Census 

2008). This active transport scenario alone yielded savings of another 700 lives/year and 

approximately $3.8 billion/year from avoided mortality costs (95% CI: $2.7, $5.0 billion].   

In summary, the estimated benefits of improved air quality and physical fitness from a green 

transportation scenario would be 1300 lives saved and $8 billion costs avoided per year for the 

upper Midwest region alone. Nationally, there is already evidence that U.S. cities with enhanced 

levels of active transport experience large health benefits; one study found that cities with the 
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highest rates of commuting by bike or on foot have obesity and diabetes rates 20 and 23% lower, 

respectively, than cities with the lowest rates of active commuting (Pucher et al 2010).  

 

 

Conclusion 

The Midwest region is one that remains vulnerable to health risks from climate change and 

associated extremes in climate variability.  While some capacity to adapt is evident for the 

region, aging infrastructure poses concomitant risk, especially in the case of municipal water 

systems.  Health benefits accruing from greenhouse gas mitigation can be large, as shown by a 

green transportation scenario.  Therefore, such health benefits (e.g. 1300 lives/year saved in our 

region) must be included in any assessments and policy discussions related to energy production 

or transportation planning. 
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Figure 1  (source:  Li et al., 2011) 
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Figure 2.  Projected increases in ozone in Chicago (Source: Holloway et al. 2008). 
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Figure 3. 
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Figure 1. Contribution of Travel and Tourism to the Midwest States’ Economies  

Source: U.S. Travel Association, 2012. 
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Figure 2. Tourism Climatic Index, United States, January 1970s  
 
 

 
Source: Nicholls, Amelung & Viner, 2005. 
 



!

!'&$
 

 
 
Figure 3. Tourism Climatic Index, United States, January 2050s 

 
Source: Nicholls, Amelung & Viner, 2005. 
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Figure 4. Tourism Climatic Index, United States, January 2080s 

 
Source: Nicholls, Amelung & Viner, 2005. 
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Figure 5. Tourism Climatic Index, United States, July 1970s 

 
Source: Nicholls, Amelung & Viner, 2005. 
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Figure 6. Tourism Climatic Index, United States, July 2050s 

 
Source: Nicholls, Amelung & Viner, 2005. 
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Figure 7. Tourism Climatic Index, United States, July 2080s 

 
Source: Nicholls, Amelung & Viner, 2005. 
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Figure 8. Potential Adaptations to Climate Change in the European Ski Sector 
 

 
 
Source: Bürki, Abegg & Elsasser, 2007. 
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Climate Change Impacts on Transportation in the Midwest 

John Posey 
 
This paper assesses current literature on potential impacts of climate change on transportation systems in 
the Midwestern region of the United States.  Four sections follow:  First, a brief synopsis of recent 
research on transportation impacts in general is offered.  Second, we examine current climate projections 
for different parts of the Midwest in order to assess relative levels of risk for transportation impacts 
associated with climate change.  Third, an assessment of ongoing transportation adaptation measures is 
presented.  Finally, gaps in knowledge and research needs are discussed. 
 
1.  Transportation and Climate Change 
 
Changes in temperature and precipitation associated with climate change can have different effects on 
different modes of transportation.  Summaries of these effects may be found in Jaroszweski, Chapman 
and Petts (2010), Koetse and Rietveld (2009), Meyer and Weigel (2011), Meyer, Amekudzi and O'Har 
(2010), the Panel on Adapting to the Impacts of Climate Change (PAICC, 2010), Hodges (2011) and 
Schwartz (2011).  This section briefly summarizes current thought on ways in which climate change may 
affect the following modes of transportation:  surface transportation (i.e., roads and highways), rail, water 
and air. 
 
1.1  Air 
 
1.1.1  Temperature change:  Changes in temperature can affect takeoff performance and cargo capacity.  
Generally, warmer temperatures reduce the amount of lift generated by the wing of an airplane, which 
reduces the aircraft's carrying capacity and increases the time required to achieve a given altitude.  
However, there is little knowledge about the extent to which temperatures are the limiting factor in cargo 
capacity or takeoff performance. 
 
1.1.2  Precipitation change:  Changes in precipitation can affect air traffic in several ways.  Heavy 
precipitation can overwhelm airport drainage systems and inundate runways, particularly for airports built 
in floodplains or other low-lying areas.  An increase in the frequency of heavy precipitation events could 
therefore lead to more airport closures.  In addition, heavy precipitation can degrade aviation system 
operations, resulting in delayed takeoffs and landings.   
 
1.1.3  Fire:  Wildfire can disrupt air traffic by reducing visibility and by degrading engine performance.  
Places experiencing an increase in hotter and dryer conditions may be more susceptible to wildfire. 
 
1.1.4  Extreme weather:  Tornadoes, severe thunderstorms and heavy wind can halt airport operations, 
and in some cases cause physical damage to airport facilities. 
 
1.2  Water 
 
River traffic can be disrupted by high water levels caused by heavy precipitation.  Changes in the 
frequency of heavy and prolonged precipitation may therefore reduce the volume of river barge traffic.  
On the other hand, falling water levels in the Great Lakes have reduced the carrying capacity of cargo 
vessels in recent years, and climate change could exacerbate this trend. 
 
1.3  Rail 
 
1.3.1  Temperature change:  Rising temperatures may lead to material stress, including buckled rails. 
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1.3.2  Precipitation change:  Increases in heavy precipitation events could flood low-lying tracks, forcing 
temporary closure of low-lying rail lines. 
 
1.4  Surface transportation: 
 
1.4.1  Temperature change:  Increases in temperature, and particularly in the frequency of extreme heat 
events, could increase material stress on pavement, necessitating more frequent maintenance. 
 
1.4.2  Precipitation change:  Changes in precipitation patterns could affect surface transportation in three 
ways.  First, an increase in heavy precipitation events can lead to flooded roadways.  Second, increased 
runoff creates faster stream currents which can erode the bases of bridges, a condition known as bridge 
scour.  Third, precipitation generally degrades system performance, resulting in longer travel times and 
more crashes.    
 
1.4.3  Extreme Weather:  Tornadoes, severe thunderstorms and heavy wind can disrupt highway travel, 
and heavy cross winds can make long bridges unsafe.  For example, the Foyle Bridge in Northern Ireland 
has experienced several incidents in windy conditions, and is now closed to traffic when wind speeds 
exceed 50 MPH.   
 
2.  Comparative risk 
 
Current peer-reviewed literature on climate change impacts in the Midwest does not provide a basis for 
quantifying the costs of impacts such as material stress, flooded roadways, bridge scour and disuptions to 
barge traffic.  However, current projections can be used to assess relative risks associated with different 
types of impacts in different subregions of the Midwest.  The projections described in Kunkel (2011) are 
the basis for this section. 
 
2.1  Extreme heat   
 
The number of days with a temperature greater than 95 degrees is a good indicator of the risk of pavement 
and rail buckling.  Currently, Missouri and southern Illinois are the areas of the midwest with the most 
days of days with a maximum temperature over 95 degrees.  Western Missouri, including the Kansas City 
metropolitan area, experienced 40 to 50 days per year of heat over 95 degrees in the period 1971-2000.  
Eastern Missouri and southern Illinois were in a band that experienced 30 to 40 of these extreme heat 
days each year.   
 
NARCCAP projections for the years 2041-2070 show an increase of more than 20 days each year for 
almost all of Missouri, including the Kansas City and St. Louis metropolitan areas, as well as for southern 
Illinois, southern Indiana, and the Cincinnati metropolitan area.  Northern portions of the midwest, 
including the Minneapolis, Milwaukee, Chicago, Detroit and Indianapolis metropolitan areas, are 
projected to have increases of less than 20 days per year of 95+ heat.  These projections suggest that heat 
stress on rail and pavement may be of particular concern in Missouri and the southern portions of Illinois 
and Indiana. 
 
2.2:  Changing precipitation patterns 
 
2.2.1  Flooding risk 
 
Takle (2010) maintains that precipitation levels in eastern Iowa have increased over the last 30 years: 
 



!

*!*$
 

Using these tools, we see that eastern Iowa has experienced increased precipitation 
of 1 to 2 inches in spring (April through June) over the last 30 years.  This is 
consistent with increases throughout the central U.S. since about 1976 (Groisman et 
al. 2005).  There also is increased intensity of extreme events in the warm season.  
Groisman et al. (2005) report a 20 percent increase in the most intense 0.3 percent 
of precipitation events in the central U.S. over this period.  By contrast, there has 
been a slight decrease in the frequency of light or average precipitation events 
(CCSP 2008).  Records from Cedar Rapids (IEM 2008) show that there were 14 
days from 1901 to 1950 that had three or more inches of daily total precipitation.  
Between 1951 and 2000, this number rose to 23 days.  Over the last 113 years, 
annual precipitation in Cedar Rapids has increased by about 9 inches, from 28 to 37 
inches.  Increases have come in both the warm season and cool season, with the 
cool season precipitation currently being about 50 percent higher than a hundred 
years ago.  The Cedar Rapids record agrees with the regional trend of increased 
precipitation since 1976, but the Cedar Rapids upward trend started much earlier.  
So althougn it is hard to argue that this locale's increase in annual total precipitation 
is due to anthropogenic effects of the last 30 years, models suggest this existing 
trend will continue.  The increase in number of days with intense precipitation, by 
contrast, has increased in the latter part of the 20th century, which is consistent 
with changes attributable to anthropogenic effects (p. 112). 

 
A conference held at St. Louis University in November, 2008 drew together several scientists who study 
climate change effects on streamflow.  Although the papers presented at this conference were not peer 
reviewed, several agreed that flooding is becoming more frequent in the Mississippi River basin (Kriss, 
2009; Pinter, 2009) or that flooding is likely to become more frequent under climate change scenarios 
(Wuebbles, Hayhoe and Cherkauer, 2009; Pan, 2009).   
 
Current NARCCAP projections show a continuation of several of these trends through the middle of the 
21st century.  The entire Midwestern region is projected to see increases in precipitation in Winter, Spring 
and Fall.   
 
Moreover, the number of days with more than 1 inch of precipitation is projected to increase throughout 
the Midwest.  NARCCAP simulations for the period 1971-2000 indicate that most of the area south of the 
Missouri-Iowa border (an area extending as far as Columbus, Ohio) experienced about 6-8 days per year 
in which precipitation exceeded 1 inch.  There were isolated sections in the Ohio River basin in southern 
Indiana and near the Mississippi confluence in which the total was higher, with 8-10 days per year 
exceeding 1 inch of precipitation.  Most of the Mississippi River basin between the Iowa-Missouri border 
and Minneapolis saw 4-6 days per year with more than 1 inch of precipitation.  NARCCAP projects an 
increase in heavy precipitation days for the period 2041-2070.  The Mississippi River basin between the 
Quad Cities and LaCrosse, Wisconsin is projected to see an increase of 3-4 days every two years, while 
the rest of the basin between St. Louis and Minneapolis is projected to have an increase of 2-3 days every 
two years.   
 
These projections suggest an increased risk of disruptions to navigation on the Ohio, Mississippi and 
Missouri Rivers.  In addition, the projected increase in heavy precipitation throughout the Midwest 
suggests additional risk of temporary flooding of rails and roadways. 
 
The observations and projections cited above do not appear to contradict the opinion of Pryor, Kunkel and 
Schoof (2009) that "the most common cause of flooding is intense and/or prolonged storm precipitation 
(Nott, 2006).  Given the increase in intensity of extreme precipitation events, an increased risk of flooding 
seems likely."   
 
2.2.2  Snow   
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NARCCAP projections indicate rising winter precipitation over much of the Midwest, suggesting a rising 
risk of transportation system disruption caused by snow and ice.  Monitoring changes in snow removal 
budgets may be one simple and effective adaptation option that can be taken by state and local 
transportation authorities. 
 
2.3:  Great Lakes water levels   
 
Wang et al. (2010) report that water levels on the Great Lakes dropped in the 1990s, resulting in 
significant transportation  impacts in the Great Lakes region:   
 

From the late 1990s to the early 2000s, the volume of lake ice cover was much lower 
than normal, which enhanced evaporation and led to a significant water level drop, as 
much as 1.3 meters.  Lower water levels have a significant impact on the Great Lakes 
economy.  For example, more than 200 million tons of cargo are shipped every year 
through the Great Lakes.  Since 1998--when water levels took a severe drop--
commercial ships have been forced to lighten their loads; for every inch of clearance 
that these oceangoing vessels sacrificed due to low water levels, each ship lost 
US$11,000-22,000 in profits. 

 
There is considerable uncertainty regarding future water levels on the Great Lakes.  Angel and 
Kunkel (2010) report that an output of 565 model runs from 23 Global Climate Models were 
applied to a lake-level model.  Under the A2 scenario, median chnges in lake levels were -.41 
meters; under B1, the median drop was -.25 meters.  However, the range in lake levels projected 
by the various models was considerable, leading to high uncertainty about future lake levels.   
 
Hayhoe et al. (2010) note that expected increases in precipitation may offset increases in 
temperature, leading to uncertainty about water levels, at least by the middle of the 21st century:  
"Competing effects of shifting precipitation and warmer temperatures suggest little change in 
Great Lake levels over much of the century until the end of the century, when net decreases are 
expected under higher emissions."   
 
The Wisconsin Initiative on Climate Change Impacts (WICCI) 2011) notes that the Great Lakes have 
historically experienced both high water and low water decades.  According to WICCI, climate change 
could potentially create both high and low water decades that exceed normal decadal variations.  The 
report suggests that ports and marinas may need to take the possibility of greater fluctuations into account 
when designing and building new infrastructure.  In addition, WICCI posits that lower water levels could 
force cargo vessels to carry lighter loads. 
 
According to Cruce and Yurkovich (2011), "Great Lakes shipping is very sensitive to lower lake levels as 
an annual mean or during periods of seasonal variation."  A 1,000 foot vessel loses 270 tons of capacity 
per inch of lost draft, which equates to about $30,000.   Low water levels between 1997 and 2000 forced 
shippers to reduce cargo tonnage by 5% to 8%.  According to Cruce and Yurkovich, research conducted 
by Millerd (2007) at Wilfrid Laurier University indicates that falling water levels are expected to increase 
operating costs by 1.9% to 7.4% by 2030, with costs projected to rise to between 13.3% and 26.7% by the 
end of the century.  Subsequent research by Millerd (2011) places the estimated cost at between 5% and 
22% by 2030.   
 
Cruce and Yurkovich argue that falling water levels could also damage port and marina infrastructure, 
and increase dredging costs.  They note that less ice on the St. Lawrence Seaway could present 
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opportunities to shippers; since the 1980s, the annual amount of time in which the seaway is closed 
because of ice has dropped by about 10 days per year. 
 
A reduction in lake ice may partially offset some of the challenges associated with varying water levels.  
Warmer conditions, reducing lake ice, could result in more navigable days, which would benefit shippers. 
 
 
3.  Ongoing adaptation efforts 
 
3.1  Chicago:  The City of Chicago has a Climate Action Plan (CAP) (City of Chicago, 2008).  Most of 
the plan focuses on mitigation efforts.  In particular, most of the plan elements related to transportation 
emphasize greenhouse gas reduction, including measures to promote transit-oriented development and 
alternative modes of transportation.  However, the CAP explicitly addresses climate change impacts on 
transportation, noting that an increasing frequency of heavy precipitation events is likely to result in 
traffic delays and damage to infrastructure. 
 
The bulk of adaptation measures related to transportation in the Chicago CAP involve stormwater 
management.  The CAP calls for increased use of permeable paving surfaces, rain gardens, rain barrels 
and landscaping to reduce storm runoff.  The City's Green Urban Design (GUD) plan includes measures 
to modify alleys to reduce runoff, and dozens of alley modifications have been implemented thus far. 
 
3.2  Wisconsin:  The Wisconsin Initiative on Climate Change Impacts (WICCI) released a report in 2011.  
The report addresses potential impacts on both surface transportation and water transport. 
 
The report anticipates an increase in the frequency of transportation infrastructure damage and temporary 
flooding as a result of more frequent incidents of heavy rain.   
 
The WICCI report highlights 2008 flooding on the Baraboo River as an example of vulnerability to high 
water conditions.  According to the report, "the Wisconsin Department of Transportation is conducting a 
review of the vulnerability of the entire interstate highway system as a result of flood-triggered closures 
of I-39, I-90, and I-94 at the Baraboo River in Columbia County.  Engineers will weigh the costs of flood-
proofind stream crossings and embankments against the economic costs of temporary closures...." 
 
In addition to stormwater impacts, the WICCI report also notes the need for additional research on 
potential material stress.  In particular, WICCI suggests that projections of changes in freeze-thaw cycles 
could be used to predict changes in the useful life of concrete, with maintenance measures adjusted 
accordingly.   
 
As in the Chicago CAP, the major adaptation elements related to transportation in the WICCI plan are 
those that address stormwater runoff.  WICCI recommends open space preservation, Low Impact Design 
(LID) methods for paved surfaces, and green roofs to reduce runoff.  
 
3.3  Iowa:  The Iowa Climate Change Impacts Committee (ICCIC) was formed by an act of the Iowa 
General Assembly.  In January, 2011, the ICCIC issued a report on potential climate change impacts for 
Iowa.  
 
The ICCIC report indicates that precipitation in Iowa has increased over the last 100 years, and that the 
number of intense rain events has also increased.  The report further asserts that certain places such as 
Cedar Rapids have seen greater increases than the state as a whole.  In addition, the report states that 
streamflows have risen in recent years, and reports that streamflow projections conducted by researchers 
at Iowa State University indicate that increased precipitation could result in a 50% increase in streamflow 
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in the Mississippi River basin.  ICCIC concludes that these findings suggest that the risk of flooding is 
rising. 
 
The report does not focus extensively on the relationship between climate change and transportation 
infrastructure, but does note that higher temperatures increase the risk of road buckling, and that increased 
precipitation and stream flow would increase the risk of washed out roads and bridges.   
 
3.4  Michigan Department of Transportation.  MDOT has conducted an analysis of potential challenges 
related to climate change, and has developed a menu of potential responses.  MDOT staff presented their 
analysis at an April 7 2011 webinar conducted by the Transportation Research Board of the National 
Academies (Johnson, 2011).   
 
The main areas of concern for MDOT are the possibility of more intense storms and hotter, drier 
summers.  Methods for adapting to more intense storms include using larger hydraulic openings for 
bridges, armoring of ditches to prevent erosion, installation of higher capacity pumps to ensure that 
drainage systems are not overwhelmed, and use of intelligent transportation systems (ITS) that help 
motorists adapt to changing traffic conditions.  Methods for adapting to hotter and drier summers include 
intensifying monitoring of pavement conditions during extreme heat periods and encouraging more night 
work to prevent premature cracking.   
 
3.5  Federal Highways Administration (FHWA):  FHWA is undertaking at least two initiatives to help 
Midwestern states prepare for challenges associated with climate change.  These include updated flood 
frequency hydrographs and peer learning events. 
 
3.4.1  Precipitation Frequency Analysis:  State departments of transportation use precipitation frequency 
graphs to develop design standards for culverts and other hydraulic structures.  These design standards are 
promulgated by a state DOT to ensure that adequate drainage capacity exists for roads built in the state.  
Basing design standards on current precipitation frequency data is an important adaptation measure 
because using updated information reduces the risk of road closures or infrastructure damage due to 
heavy precipitation.  Unfortunately, in some parts of the country, rainfall maps have not been updated for 
decades. 
 
FHWA is currently conducting a pooled fund program through which state DOTs can contribute funds to 
update precipitation estimates (Transportation Pooled Fund Program, 2011).  In the Midwest, contributors 
to the pooled fund include the transportation departments of the following states:  Colorado, Iowa, 
Kansas, Minnesota, Missouri, Nebraska and South Dakota.  The study uses updated information from 
NOAA to determine annual exceedance probabilities (AEP) and average recurrence intervals (ARI) for 
durations ranging from 5 minutes to 60 days and for ARIs from 1 to 1,000 years.  Point estimates will be 
spatially interpolated to a spatial resolution of approximately 4km x 4km.   
 
3.4.2  Peer Learning:   
 
FHWA hosts peer learning events for Metropolitan Planning Organizations (MPOs) and state departments 
of transportation.  An exchange held in May, 2011, included MPOs and DOTs from the Midwest. 
 
The final report from these sessions includes from state and local planning officials (ICF International, 
2011).  Representatives from MPOs identified county hazard mitigation planning efforts as a vehicle for 
climate change adaptation planning.  Barriers to adaptation include the lack of inter-agency collaboration 
and the lack of localized climate data. 
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The state DOT session focused on the possibility of more frequent heavy precipitation events, which 
could cause more bridge scour, and which could also make current culverts and drainage systems 
inadequate.  Presenters stated that more frequent incidents of heavy precipitation could overwhelm 
drainage systems, leading to an increased risk of roadway flooding. 
 
One presenter argued that an asset management approach to infrastructure maintenance and design should 
be considered an effective adaptation measure.  Transportation asset management consists of continually 
monitoring the condition of assets such as roads, bridges and culverts using geographic information 
systems and other tools.  Assets considered critical to system performance are identified, as is the required 
level of service.  These considerations inform investment strategies and long-term funding strategies. 
 
By conducting peer exchanges such as these, FHWA is providing technical assistance to state and local 
planners who will be making adaptation decisions for transportation systems.  Transportation asset 
management and integration with hazard mitigation plans are two useful ideas to come from the 
Indianapolis sessions. 
 
 
 
4.  Research needs 
 
Three main research needs emerge from the foregoing summary.  First, there is a need to quantify impacts 
of climate change on transportation for the Midwest region, and for specific communities in the Midwest.  
Second, there is a need to model the effectiveness of adaptation options.  Third, there is a need to 
integrate uncertainty into decision making about adaptation options. 
 
4.1  Quantifying impacts 
 
Although there is a qualitative understanding of the types of impacts that might exist under climate 
change scenarios, there is little peer-reviewed literature that quantifies transportation impacts in the 
Midwest.  The area of Midwestern transportation that has had the most quantitative analysis has been 
Great Lakes shipping, where researchers have been able to measure likely changes in cargo capacity due 
to falling water levels.   
 
Analysis at this level has not been performed for surface transportation or rail in the Midwest.  For 
example, it is reasonable to conclude that an increase in 95+ degree days will increase material stress on 
pavement and rail.  A useful next step would be to quantify the potential damage in terms of a pavement 
condition index, useful life or cost of maintenance.   
 
To pick another example, it is reasonable to expect that flooding of roadways may increase due to 
changing precipitation patterns.  But it would be useful to quantify the impacts in terms of vehicle miles 
of travel (VMT) or vehicle hours of travel (VHT).  Tallying the cost of lost shipping days on the Ohio and 
Mississippi Rivers would also be of benefit. 
 
4.2   Adaptation effectiveness.   
 
There is now a rich literature on adaptation measures being undertaken.  But there is a strong need for 
additional work that models the effectiveness of different adaptation options.  In particular, there is a 
widespread understanding of the connection between stormwater management and transportation, with a 
realization that reducing runoff can also reduce flooding on roadways.  Needed is a way to measure the 
effectiveness of different options.  Modeling the effectiveness of different options, including permeable 
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paving surfaces, open space preservation and rain gardens, would allow a more robust cost-benefit 
analysis, which would inform policy and planning at the local level. 
 
4.3  Uncertainty 
 
The presence of uncertainty raises serious problems for decision makers.  The issue of water levels on the 
Great Lakes is a good example.  There is much uncertainty about future water levels, and there is even a 
possibility that water levels could rise during some years of the next century.  Given the uncertainty, how 
can decision makers determine optimal adaptation strategies?  
 
An approach to risk management known as Robust Decision Making (RDM) has entered the literature on 
transportation and climate change.  The concept was introduced to the study of climate change adaptation 
by Lempert and Schlesinger (2000), who drew a distinction between prediction-based approaches and 
"robust" approaches to risk management.  Predictive approaches attempt to determine the most likely 
scenario, and to design a management response that optimizes outcomes under a specified condition.  By 
contrast, the RDM approach is useful for situations in which there is "deep uncertainty"  about future 
conditions.  In such a situation, according to Lempert and Schlesinger, the best solution will be one that 
provides acceptable outcomes across a wide range of possible scenarios.  In RDM, the use of 
mathematical models to project outcomes under different scenarios is a key tool. 
 
Schwartz (2011) applies this approach to the study of transportation adaptation, arguing that robust 
strategies "encompass structural, operational, and institutional options."  Schwartz describes RDM as an 
approach that incorporates multiple views of the future, uses robustness across multiple scenarios rather 
than optimization as a decision criterion, and allows iterative ability to assess and adjust to vulnerabilities.  
Schwartz uses as an example a coastal community facing a rise in sea level and storm surge.  Even if a 
reasonable degree of confidence exists with respect to the long term trend, the timing and amount of sea 
level rise remains highly uncertain.  In this situation, the most robust strategy may not be to simply 
retrofit all existing assets.  Rather, a more cost-effective approach may be to continually monitor 
changing conditions, rebuilding only critical assets when sea levels reach a critical height. 
 
Another example of a possible application of RDM to transportation planning is the uncertainty over 
water levels in the Great Lakes.  Although many models project falling water levels, the range of 
projections is so great that it would be risky to make major investment decisions based on optimization 
for a single scenario.  Given the deep uncertainty, it may be rational for designers of ports, marinas, and 
perhaps even cargo vessels to consider performance across a range of possible water levels.  Additional 
research on performance of adaptation measures across a range of scenarios would give policy makers the 
tools with which to evaluate proposed options. 
 
 
5.  Conclusions 
 
Following is a summary of key impacts, with an assessment of the level of confidence associated with 
each. 
 
Medium Confidence:   
 

• There is a rising risk of disruption of Mississippi River navigation.  Given that flooding impacts 
are already significant, have grown in recent decades, and are projected to continue growing, the 
assignment of medium confidence to these impacts seems reasonable. 

• There is a rising risk of temporary flooding of roads and rails due to both riverine flooding and 
ponding.  This assessment is based on recent increases in the frequency of intense precipitation 
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events, projected increases in the frequency of intense precipitation events and projected 
increases in winter and spring precipitation in the Mississippi River basin. 

 
• There is a rising risk of disruption to Great Lakes navigation due to variability in water levels.  

Recent economic impacts of falling water levels have been well documented, and projections 
indicate that variability is likely to increase over the next century. 

 
Low Confidence:   
 
Although it is reasonable to hypothesize that the following impacts may occur, there is currently 
insufficient quantitative data with which to assess the likely severity of these impacts: 
 

• Warmer air temperatures and increased frequency of extreme weather and heavy winds may 
disrupt air traffic. 

• Warmer temperatures may increase heat-related stress on pavements and rails. 
• Faster stream currents caused by an increase in heavy precipitation events may result in 

increasing severity of bridge scour, which could affect both rail and highway travel. 
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Focus:  Midwestern Levees 

John Posey 
Introduction 
 
Levees are critical infrastructure, protecting homes, farms, factories and commercial 
establishments.  There are more than 3,700 linear miles of federal levees in the Midwest region, 
protecting some 7 million acres of land (U.S. Army Corps of Engineers, 2012).  A levee failure 
can be catastrophic to a community.  The National Committee on Levee Safety (NCLS) (2011) 
offers several examples of recent levee failures in the Midwest: 
 

• During the Great Flood of 1993, 40 federal levees were either overtopped or damaged. 
 
• In 2008, flood waters overtopped levees in Cedar Rapids, Iowa, inundating several 

municipal buildings, as well as 3,900 homes.  The town of Oakville, Iowa was devastated 
when its levee failed, with every building in town damaged.  As a result, more than two 
thirds of its population subsequently moved away. 

 
• Also in 2008, the Indiana communities of Munster and Hammond were flooded after a 

levee on the Little Calumet River breached, leading to a Presidential disaster declaration. 
 
• In 2011, a levee five miles south of Hamburg, Iowa breached in three locations, leading 

to the eventual collapse of the levee. 
 
• In 2011, levees on the Black River in Missouri were overtopped 30 times, with levee 

breaches occurring four times. 
 
 
Levee Condition 
 
In recent years there have been indications that the condition of many levees is unsatisfactory.  
NCLS  (2009) asserts that many levees were built more than 50 years ago using construction 
techniques that are now considered obsolete.  In addition, levees originally built to protect 
agricultural fields now often protect densely developed urban land.  As a result, according to 
NCLS, "many urban areas protected by levees, particularly those in deep floodplains, have an 
unacceptably low level of flood protection and an unacceptably high risk.  Failure of such levees 
can result in high loss of life, property damage, and economic losses." 
 
In 2009, the American Society of Civil Engineers (ASCE) gave the nation's levee system a grade 
of D-, asserting that $50 billion over five years would be required to bring levees up to 
acceptable levels; ASCE states that only $1.13 billion had been committed for this purpose. 
 
The Water Resources Development Act of 2007 (WRDA) directed the U.S. Army Corps of 
Engineers (USACE) to conduct an inventory and inspection of all federal levees.  NCLS 
estimates that federal levees, which are covered by WRDA, represent only about 15% of the 
miles of levee systems in the country.  Still, many large communities along the Mississippi, 
Missouri and Ohio Rivers are protected by federal levees. 
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As of January, 2012, the USACE National Levee Database contained ratings for 1,179 linear 
miles of levee systems in the Midwest, with 2,520 miles unrated.  Of the levee systems that had 
been inspected, a rating of “acceptable” was given to 74 miles of levee systems.  A rating of 
“minimally acceptable” was given to 921 miles.  A rating of "unacceptable" was given to 184 
miles , about 16% of the total linear mileage (USACE, 2012). 
 
In addition to the inspections conducted by USACE, the Federal Emergency Management 
Agency (FEMA) is conducting a review of levee systems as part of its Map Modernization 
Program (MMP).  Communities that cannot provide documentation that levees are capable of 
providing protection against a 100 year flood face the possible deaccreditation of their levees, 
which can trigger a requirement to purchase flood insurance. FEMA has not released a list of 
levees that face deaccreditation, but Posey and Rogers (2010) estimate that the number of 
communities facing deaccreditation nationwide numbers in the hundreds.  It should be noted that 
some communities are challenging deaccreditation decisions (County of Madison et al., 2011).   
 
Increasing Flood Risk 
 
As questions are raised about the adequacy of levees, the risk of flooding in the Mississippi 
River basin appears to be increasing.   
 
NOTE TO REVIEWERS:  I suspect that the following yellow-highlighted section may be 
rendered superfluous by the work of the water resources technical input team.  If another paper 
offers an assessment of changes in flooding risk, then the following can be replaced with a 
citation of that technical input document. 
 
Takle (2010) maintains that precipitation levels in eastern Iowa have increased over the last 30 
years: 
 

Using these tools, we see that eastern Iowa has experienced increased precipitation 
of 1 to 2 inches in spring (April through June) over the last 30 years.  This is 
consistent with increases throughout the central U.S. since about 1976 (Groisman et 
al. 2005).  There also is increased intensity of extreme events in the warm season.  
Groisman et al. (2005) report a 20 percent increase in the most intense 0.3 percent 
of precipitation events in the central U.S. over this period.  By contrast, there has 
been a slight decrease in the frequency of light or average precipitation events 
(CCSP 2008).  Records from Cedar Rapids (IEM 2008) show that there were 14 
days from 1901 to 1950 that had three or more inches of daily total precipitation.  
Between 1951 and 2000, this number rose to 23 days.  Over the last 113 years, 
annual precipitation in Cedar Rapids has increased by about 9 inches, from 28 to 37 
inches.  Increases have come in both the warm season and cool season, with the 
cool season precipitation currently being about 50 percent higher than a hundred 
years ago.  The Cedar Rapids record agrees with the regional trend of increased 
precipitation since 1976, but the Cedar Rapids upward trend started much earlier.  
So althougn it is hard to argue that this locale's increase in annual total precipitation 
is due to anthropogenic effects of the last 30 years, models suggest this existing 
trend will continue.  The increase in number of days with intense precipitation, by 
contrast, has increased in the latter part of the 20th century, which is consistent 
with changes attributable to anthropogenic effects (p. 112). 
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A conference held at St. Louis University in November, 2008 drew together several scientists 
who study climate change effects on streamflow.  Although the papers presented at this 
conference were not peer reviewed, several agreed that flooding is becoming more frequent in 
the Mississippi River basin (Criss, 2009; Pinter, 2009) or that flooding is likely to become more 
frequent under climate change scenarios (Wuebbles, Hayhoe and Cherkauer, 2009; Pan, 2009).   
 
Current NARCCAP projections show a continuation of several of these trends through the 
middle of the 21st century (Kunkel, 2011).  The entire Midwestern region is projected to see 
increases in precipitation in Winter, Spring and Fall.   
 
Moreover, the number of days with more than 1 inch of precipitation is projected to increase 
throughout the Midwest.  Between 1971 and 2000, most of the area south of the Missouri-Iowa 
border (an area extending as far as Columbus, Ohio) experienced about 6-8 days per year in 
which precipitation exceeded 1 inch.1  There were isolated sections in the Ohio River basin in 
southern Indiana and near the Mississippi confluence in which the total was higher, with 8-10 
days per year exceeding 1 inch of precipitation.  Most of the Mississippi River basin between the 
Iowa-Missouri border and Minneapolis saw 4-6 days per year with more than 1 inch of 
precipitation.  NARCCAP projects an increase in heavy precipitation days for the period 2041-
2070.  The Mississippi River basin between the Quad Cities and LaCrosse, Wisconsin is 
projected to see an increase of 3-4 days every two years, while the rest of the basin between St. 
Louis and Minneapolis is projected to have an increase of 2-3 days every two years.   
 
The observations and projections cited above do not appear to contradict the opinion of Pryor 
and Kunkel (2009) that "the most common cause of flooding is intense and/or prolonged storm 
precipitation (Nott, 2006).  Given the increase in intensity of extreme precipitation events, an 
increased risk of flooding seems likely."   
 
Adaptation 
 
Four adaptation options deserve consideration as the nation manages its levee system in the face 
of increased flooding risk.  First, new development in floodplains can be discouraged.  Second, 
buyouts can be used to encourage property owners in floodplains to move.  Third, the deliberate 
breaching of levees is a controversial option.  Finally, the rebuilding and repair of existing urban 
levee systems is an important task. 
 
New development:  Every new levee that is built increases pressure on existing levees.  
Discouraging development in floodplains that will require new levee systems is therefore a key 
adaptation option.   
 
Buyouts:  The acquisition of flood-prone properties has been an important tool for reducing 
flooding risk, and should be considered a key adaptation option.  Once properties are purchased, 
the land is dedicated to open space, either for recreational uses or for natural wetlands.  After the 
devastating 1993 flood, FEMA provided $54.9 million to the State of Missouri in Hazard 

                                                        
1 I'm not sure if this is based on observations or NCEP-driven projections of NARCCAP models; need clarification 
from K. Kunkel. 
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Mitigation Grant Program funding.  Missouri used the majority of these funds to acquire, 
relocate or elevate more than 4,800 properties (FEMA, 2002). 
 
Deliberate breaching or abandonment:  The breaching of agricultural levees in sparsely 
populated areas for the purpose of relieving pressure on levees protecting more densely 
populated urban areas has been a controversial flood control tactic.  It was used most recently in 
May, 2011, near Birds Point, Missouri.  According to Olson and Morton (2012):  
 

Heavy snow melt and rainfall ten times greater than average across the 
eastern half of the ... Mississippi watershed in spring and early summer 
of 2011 produced one of the most powerful floods in the river's known 
history....The deliberate breaching of the levees in the New Madrid 
Floodway below Cairo in May 2011 was a planned strategy to reduce 
water pressure and prevent levee failures where harm to human life 
might occur.  The induced breach and the flooding of 53,824 ha (133,000 
ac) of Missouri farmland resulted in the loss of 2011 crops and damage 
to future soil productivity. 

 
The breaching damaged about 200 buildings, including about 90 homes.  Lawsuits were filed on 
behalf of property owners in an attempt to stop the breach, although the authority of the U.S. 
Army Corps of Engineers to use the floodway was upheld.   
 
The action at Birds Point revealed a tradeoff between protection of farmland in rural 
communities and protection of densely populated urban areas.  Many agricultural levees were 
built in the 1930s, and protect sparsely populated areas.  Allowing agricultural levees to be 
overtopped, or to be deliberately breached, is an option that allows low-lying land to be used for 
storage of water from overflowing rivers, relieving pressure on urban levees.  However, this 
policy option is highly sensitive in rural areas.  As flooding risks rise in coming years, difficult 
decisions may have to be faced regarding tradeoffs between protecting urban and rural lands, and 
just compensation for those affected by these decisions. 
 
Abandoning selected rural levees for the purpose of relieving pressure on urban levees could 
result in significant damage to productive agricultural lands.  On the other hand, removal of 
levees could have the additional benefit of allowing the restoration of wetlands, which have both 
high ecological significance and high flood control value. 
 
Repairing urban levees:  The possibility of increased flooding risk in the Midwest, combined 
with questions over the adequacy of levee systems protecting Midwestern communities, suggest 
that repair and enhancement of levee systems will be a key adaptation option in the region.  
Historically, the job of maintaining levee systems has included key roles for both local 
governments and the U.S. Army Corps of Engineers, and a partnership between federal and local 
agencies will remain crucial. 
 
The Southwest Illinois Flood Protection District Council provides a model of regional 
collaboration to enhance levee protection.  The following information is taken from the Council's 
Project Implementation Plan, approved July, 2011.   
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The Council was formed in 2009 through an Intergovernmental Agreement between the Flood 
Prevention Districts of Madison, St. Clair and Monroe counties as authorized by the Illinois 
Flood Prevention District Act of 2008 (70 ILCS 750).  Voters in each of the three affected 
counties passed a 1/4 cent sales tax in 2008 to finance levee repairs.  The tax has been collected 
since 2009, and produces about $11 million annually. 
 
Five separate levee systems in the three counties protect a 174 square mile area known as the 
American Bottom.  The American Bottom, part of the St. Louis metropolitan area, is home to 
about 155,000 residents; businesses in the area employ over 55,000 people. Many major 
manufacturing facilities are located in the area.   
 
Leaders in the three counties banded together to enhance levee protection in the area, even 
though experience in previous floods, as well as past inspections, do not indicate that the levee 
systems would fail to protect against a 100 year flood.  According to the Project Implementation 
Plan, the "American Bottom has not been flooded by the Mississippi River in the 70 years since 
the flood protection system was initially built, including during the flood of record in 1993, a 
300-year event....The levee systems have consistently been determined to be in acceptable or 
marginally acceptable condition by annual and more thorough 3-year periodic inspections by the 
[U.S. Army] Corps [of Engineers]."   
 
The Council's Project Implementation Plan outlines a five year, $150 million project to maintain 
the levee system's high level of flood protection.  Climate change was not a factor in the decision 
to enhance flood protection in the American Bottom.  Still, the regional collaboration that created 
the Council provides an illustration of how local governments can reduce risk by creating 
solutions across jurisdictional boundaries. 
 
 
Conclusion 
 
The projected increases in flooding risk over the next century heighten the urgency of examining 
the nation's levee system.  Repairing urban levees that protect dense housing and heavy industry 
is a key adaptation option.  Other potential adaptation options to be considered are protection of 
floodplains from further development, buying out properties currently located in floodplains, and 
using sparsely populated areas currently protected by agricultural levees for storage during 
severe floods. 
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